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Sustainability is a paradigm, or way of thinking, to ensure that human activities remain 
within the global economic, social and environmental constraints imposed either 
externally, by the environment, or internally, by society itself. Making the transition to 
sustainability requires society to follow a path of sustainable development, which requires 
an understanding of the impacts of alternative activities in their entirety so that choices 
made lead increasingly to a sustainable way of life. To facilitate this adjustment, analytical 
approaches have been developed that promote holistic thinking.
Some of these analytical approaches are driven by the concept of ‘life cycle thinking' 
(LCT), which refers to the consideration of impacts throughout a complete supply chain or 
‘product system’ with dimensions in time and space. By embracing life cycle approaches, 
decision makers can capture all potential effects of a decision and ensure that 
improvements made in one area of time or space do not lead to equal or greater decline 
elsewhere -  a phenomenon referred to as ‘shifting burdens ’.
Approaches have also been developed to aid decision makers in identifying the various 
ways that the choices they make can impact upon people and the planet and enable these 
decision makers to make, sometimes difficult, trade-offs between these impacts through a 
structured and transparent decision making process.
This Engineering Doctorate (EngD) considers the concept of sustainable development in 
relation to a well established and important industry within the fabric of modem society: 
the oil refining industry. The first question that this project aims to answer is:
‘Are oil refineries on a path o f sustainable development?’
The answer to this question is sought through learning about the principles and practices at 
a specific UK oil refinery, currently wholly owned by Chevron (Pembroke Refinery, 
Wales). Although it is recognised that there are questions over whether the conclusions 
apply to the industry as a whole, the findings are expected to provide some reflection of the
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wider industry because all multinational oil companies are influenced by the same societal 
pressures and have evolved through information sharing as well as individual enterprise.
A further caveat when seeking to answer this question is the dependency of the oil refining 
industry on a non-renewable resource -  oil -  which makes it inherently unsustainable. That 
said, the alternatives to an oil based economy are still in their infancy and the oil industry 
is likely to underpin society for the foreseeable future with growth anticipated in 
developing countries. Promoting sustainable development in the oil refining industry is 
therefore a case of making the present less unsustainable, rather than the future more 
sustainable.
To answer the stated question, the policies and strategic objectives of Chevron Global 
Manufacturing (GMfg) and their translation into project prioritisation and execution were 
critically reviewed against a set of principles for sustainable development. The main 
findings from this work are summarised as follows:
1. Chevron GMfg gives the protection of people and the local environment utmost 
priority within its corporate principles and strategic objectives;
2. These principles translate into a well developed hierarchy of decision processes that 
are designed to handle multiple criteria;
3. Inclusion of environmental criteria in project prioritisation is mainly confined to 
projects driven by compliance or corporate risk assessments. Where projects are not 
driven by compliance or risk, environmental criteria tend to be used to aid project 
prioritisation when economic and strategic criteria are inconclusive;
4. The full potential of the ‘Chevron Project Development and Execution Process ’ 
(CPDEP) to handle multiple criteria may not always be realised when a narrow 
range of criteria dominate the capital allocation decision processes;
5. In-house decision support processes mainly focus on site impacts specific to the 
immediately surrounding area -  they do not encourage life cycle thinking in a 
spatial sense (although it should be noted that ‘life cycle costs’, relating to the 
displacement of financial costs across time, are considered).
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6. Some legislation, such as clean fuels legislation and biofuels mandates, moves 
environmental impacts from one part of the fuel chain to another; partly as a result 
of this legislation, there is some indication that life cycle approaches are starting to 
come into use at a corporate level.
Based on these findings, it is proposed that current practices within Chevron GMfg are not 
fully aligned with sustainable development although it is recognised that the organisation is 
continuously improving its approach to incorporate environmental and social aspects into 
decision making. This observation is likely to apply to the wider oil refining industry and 
leads to the next question:
‘How can oil refineries achieve sustainable development?’
The six findings outlined suggest that there is a need for: (i) a wider range of criteria to be 
considered in driving projects and assessing alternatives; combined with (ii) the adoption 
of life cycle thinking.
In relation to the first point, there are two constraints that need to be recognised before 
investigating opportunities for change. The first is that refineries are operating at low levels 
of profitability, meaning that it is necessary for them to maximise the income generated 
from any investment. Maintaining compliance already consumes a large portion of 
available expenditure, so it is difficult to criticise refineries for allowing economic criteria 
to drive the remaining capital investment. The second constraint is that this project has 
been carried out at an oil refinery rather than at corporate headquarters. This is relevant 
because, whilst some processes are defined at the refinery level, decision processes and 
their principles are ultimately driven at a corporate level. Therefore, without regular access 
to the key personnel at corporate level or historic data on corporate wide projects, it is 
difficult to produce a critique of current corporate level decision processes.
Given these constraints, it is more appropriate to consider the legislation that drives 
compliance projects when seeking opportunities for change because there is a high degree 
of exposure to local legislation at individual refineries and the underlying principles behind 
such legislation are relevant to the industry as a whole.
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A review of the legislative framework in the UK, which is driven by policy at the EU level, 
revealed that, although environmental legislation covers a wide range of issues and seeks 
to avoid cross media effects, there is a lack of true life cycle thinking. Eurthermore, 
through completion of some improvement conditions required for compliance with the 
permit to operate, it became apparent that there is a gap between legislative principles and 
regulatory compliance, of which the latter seems to have the lower standard; as a specific 
example, legislation requires an impact based ‘cost benefit analysis’ to determine Best 
Available Techniques (BAT), whereas cost effective reduction of pollutants, with no 
impact assessment, is deemed satisfactory by the regulators.
Given the emphasis upon site specific impacts in environmental impact assessments at the 
refinery level and the lack of legislative encouragement for life cycle thinking, there 
appears to be an opportunity to promote sustainable development at oil refineries through 
adoption of life cycle approaches. This idea is considered in the following question:
‘Can Life Cycle Assessment (LCA) be used to help oil refineries become less
unsustainable?’
The scope of this investigation is limited to environmental (rather than economic or social) 
impacts, because this is both in keeping with the broader focus of the EngD project and 
provides a clear focus for the investigation.
The answer to this question has been sought through asking several more specific 
questions, each of which is the subject of a standalone report. These are:
• How significant are the background impacts not traditionally captured in refinery 
decision making processes, and when is it essential to consider the full life cycle 
impacts of technological alternatives?
■ Report describing a scoping LCA that quantifies and compares background 
impacts to foreground impacts associated with oil refining (Appendix B)
• Are existing life cycle approaches suitable for application at the refinery level?
■ Paper introducing the use of LCA to assess process options and published in 
the Canadian Journal of Chemical Engineering (Appendix C)
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■ Paper describing an LCA of Spent Fluoridic Caustic and presented at the 
2008 EngD Conference held at the University of Surrey (Appendix D)
• Can life cycle approaches be adapted to be more appropriate for application at the 
refinery level?
■ Paper on Streamlined LCA published by Industrial and Engineering 
Chemistry Research (Appendix E)
• Do decisions that incorporate life cycle thinking lead to different outcomes than 
decisions that are driven by existing environmental legislation?
■ Report comparing various approaches to determining BAT (Appendix E)
The outcome of this research project demonstrates that there is a role for life cycle 
approaches in decision making at oil refineries both on the large scale, e.g. relating to 
changes in electricity and fuel use, and on a smaller scale, e.g. relating to management of 
waste streams. It has also been shown that LCA can be streamlined to address concerns 
over the demands on time and resources, and has the added benefit of providing a formal 
structure for generating more creative alternatives. Finally, it has been shown that 
environmental legislation not based on life cycle thinking can lead to outcomes that are not 
justifiable on an environmental basis when extended system boundaries are considered.
In summary, the opportunities and the tools are there for life cycle approaches to aid oil 
refineries in becoming less unsustainable. What is required is the impetus, and in the oil 
refining industry this impetus must come from legislation, so the challenge that remains is:
‘Can legislation be designed to drive the adoption o f life cycle thinking and promote 
thinking that considers the system-wide consequences o f choices to enable the sustainable
development o f oil refineries?’
This work has demonstrated how critical is this transformation of legislation and also 
provided a foundation for life cycle thinking and associated tools that the industry will 
need if it is to respond to sustainability-orientated legislation.
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Key Outcomes and Contributions to Knowledge
This EngD project has made contributions to knowledge in the important field of 
transforming sustainable development from a loosely defined ideal into an operational 
reality. Although the work is primarily concerned with the oil refining industry, these 
contributions are expected to be of relevance to other large manufacturing industries.
In particular, the project has identified areas of misalignment between current practices in 
the oil refining industry and a widely accepted model for sustainable development. It has 
suggested what needs to be done to bring closer alignment and how actions to meet these 
requirements can be implemented.
Eurthermore, the project has made contributions to the field of LCA by adapting existing 
methods to develop a new approach that is better adapted for use in the oil refining 
industry. It has shown that there is real value in adopting life cycle approaches and 
supported arguments that legislation needs to integrate life cycle thinking more explicitly 
when setting standards for technology selection.
Eor Chevron GMfg, this project has provided a critique of the governance process in 
relation to oil refining and sustainable development imperatives and made specific 
suggestions concerning changes which should be made to promote the selection of more 
sustainable technologies. The work has provided Chevron GMfg with a novel LCA 
technique that will allow it to become a pioneer in facility based LCA studies and better 
understand its environmental impacts in their entirety.
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Chapter 1 - Background and Motivation
1. Background and Motivation
This Engineering Doctorate (EngD) project makes a contribution to promoting sustainable 
industrial activity with a focus on how this might be achieved in an oil refinery context. To 
this end, the Research Engineer has been based within the Health, Environment and Safety 
(HES) Department of Pembroke Refinery in Wales (part of Chevron’s Global 
Manufacturing business, from here on referred to as Chevron GMfg) where there have 
been opportunities to assist in decision support for projects that were driven by HES and to 
consider HES dimensions of other refinery projects. These projects typically involved the 
selection of technologies for improvements to installed infrastructure or installation of new 
technologies to enhance manufacturing activities.
By examining the principles behind technology selection at Pembroke Refinery -  including 
the governance structure, key policies, decision processes and decision support tools -  gaps 
between current practices and sustainable development imperatives were identified and 
opportunities to close these gaps were pursued.
Although it is acknowledged that setting the basis for this project upon experiences within 
a single organisation could limit the general applicability of the outcomes, every effort has 
been made to ensure that the outcomes are not specific to the Pembroke Refinery. 
Furthermore, because all multinational oil companies are influenced by the same societal 
pressures and have evolved through information sharing as well as individual enterprise, 
then the outcomes of this project are likely to have wider significance for the oil refining 
industry.
Before outlining the goals of this EngD project (Section 1.2) and describing the approach 
adopted to achieve these goals (Section 1.3), some of the key underlying concepts are 
introduced (Section 1.1). The relationship of these concepts to ‘identifying more 
sustainable technological solutions at oil refineries’ will be developed later (Section 2.1).
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1.1 Introduction to Sustainability
In the same way that it can be difficult to define liberty’ or ‘justice’, it is not 
straightforward to define ‘sustainability’. It is a paradigm, or way of thinking, which is 
interpreted differently depending on the observer. One attempt to provide an all- 
encompassing set of principles of sustainability, based upon the laws of thermodynamics 
and studies of humans as a social species, is “The Natural Step” (TNS) by Karl-Henrik 
Robert (summarised in Johnston et al. 2007). According to TNS:
“In the sustainable society, nature is not subject to systematically increasing...
1. ... concentrations o f substances extracted from  the Earth’s crust;
2. ...concentrations o f  substances produced by society;
3. ... degradation by physical means; 
and
4. People are not subject to conditions that systematically undermine their capacity to meet 
their needs. ”
An earlier exegesis of sustainability was presented by Clift (1995) (see Figure 1.1), who 
used a Venn diagram to represent the different constraints upon all activities which if 
exceeded would mean that an activity is unsustainable. These constraints are grouped into 
those representing social acceptability, those representing resource availability and 
environmental carrying capacity and those representing technological and economic 
feasibility.
Two important concepts in the social dimension are intra- and intergenerational equity. 
These are concerned with the fair distribution of benefits and burdens from development 
within the current generation ( ‘Intragenerational Equity’) and between generations 
{ ‘Intergenerational Equity’) (Azapagic et al. 2004).
Equally important to the goal of sustainability itself is the means, or process, by which it is 
achieved. This process is called ‘Sustainable Development’. According to Johnston et al.
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(2007) there are around 140 alternative definitions of sustainable development. The 
frequently quoted and internationally accepted definition of sustainable development is 
“development that meets the needs o f the present without compromising the ability o f 
future generations to meet their own needs” (WCED 1987). This definition shows a strong 
emphasis on the inter- and intragenerational concepts.
Environmental
Economic / 
Technological
Social
Figure 1.1 -  The nature of constraints upon all activities and the balance that must be found to achieve 
sustainability (Clift 1995).
1.1.1 Sustainable Development through Decision Making
Progressing along a path of sustainable development has challenges for industry both in the 
approach to identifying new opportunities to improve the performance of the organisation 
and the approach used to select preferred alternatives to fulfil these opportunities. Some of 
these challenges are:
• Integrating multiple objectives
As shown in the three lobe model of sustainability (Figure 1.1), identifying 
opportunities to develop an organisation and assessing the sustainability of alternatives 
requires consideration of the social, environmental and economic/technological aspects 
of each alternative. This, multi-dimensional approach presents a significant challenge 
to decision makers compared to simply identifying and selecting the alternative with.
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for example, the best economic return represented by the highest net present value. A 
decision maker can be presented with multiple objectives that are not only 
incommensurate (such as the potential to contribute to global warming or to regional 
acidification) but also categorically different (such as safety risk rating and payback 
period). So approaches are needed to enable decision makers to make difficult trade­
offs between these multiple objectives.
• Capturing preferences of multiple stakeholders
The difficult challenge of making trade-offs between multiple objectives is further 
complicated when there are also multiple stakeholders that are affected by, or who have 
influence over, the decision outcomes. This is especially challenging when 
stakeholders have conflicting preferences over what represents a desirable outcome. 
Capturing the three dimensions of sustainability means that the range of stakeholders 
that a decision maker must consider becomes enlarged; some means of elucidating 
stakeholder preferences and using them to make trade-offs between objectives must be 
integrated into the decision making process (Funtowicz and Ravetz 1993).
• Handling uncertainty
Making decisions requires predictions to be made about the relative performance or 
consequences of implementing each alternative. There is inevitably a degree of 
uncertainty about how closely the predictions will match the reality when a given 
alternative is implemented; Belton and Stewart (2001) referred to this as ‘information 
uncertainty’. Uncertainty is also present in the models used to represent preferences 
and to make trade-offs; this is referred to as ‘model and preference uncertainty’ 
(Belton and Stewart 2001).
Hoffman (2001) illustrated that, as greater effort is put into reducing uncertainty, so the 
likelihood of excluding good alternatives becomes less. For a decision process to lead 
to alternatives that are consistent with the decision makers’ preferences, it is necessary 
for decision makers to recognise and incorporate uncertainty.
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The extent of these challenges, and the selection of decision support processes to address 
them, vary depending upon the ‘decision context'. This aspect was explored in depth by 
Basson (2004) who accounted for such features as the nature of the system; the relationship 
between participants; the nature of change; the severity of consequences; and the temporal 
and spatial scale of consequences.
The decision context for identifying more sustainable technological solutions at oil 
refineries will be defined later in order to identify the type of decision support processes 
one might expect to see in an oil refinery that is trying to move along a path of sustainable 
development (Section 2.2). Here, the intent is to highlight the importance of decision 
making for sustainable development and to identify the requirement to capture multiple 
objectives and stakeholder preferences, as presented schematically in Figure 1.2. This 
figure also introduces the concept of life cycle thinking to underpin decision processes, a 
concept to be explained in Section 1.1.2.
Stakeholders Stakeholders
Decision Process
Environmental |Social Economic
Life C ycle  Thinking
Stakeholders Stakeholders
Figure 1.2 -  Decision making for sustainable development including the three dimensions of 
sustainability, the infiuence of stakeholders and ‘life cycle thinking’.
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1.1.2 Life Cycle Thinking
According to Wrisberg et al. (2002), life cycle thinking “considers the cradle-to-grave 
implications o f any action”. “Cradle-to-grave” means that every stage in the manufacture 
or provision of a good or service must be considered, as illustrated in Figure 1.3. In the oil 
and gas industry the '‘cradle-to-grave’ approach, including the fuel supply chain and 
vehicle emissions, is more often called “well-to-wheel”, e.g. Babusiaux and Pierru (2007), 
or “well-to-tank” when only emissions from the manufacture and distribution of fuel are 
considered, e.g. Tehrani and Saint-Antonin (2008).
Incineration 
and disposal
..............................  Extraction of
raw materials
Recovery
Reuse and Design and
recycling Recycling prockictio,,
g m^tGriâls/components \
\  I
Use and d . •
maintenance Packaging and
distribution
Figure 1.3 -  Generic representation of a product life cycle (cradle-to-grave) (UNEP/LCI 2006)
However, Allen et al. (1997) provided a broader definition of life cycle thinking by 
recognising that in addition to the stages associated with manufacturing of products 
(referred to as “life cycle stages”), each activity also has dimensions in time starting with 
the initial conception of a project, through project development, construction, operation 
and closure/decommissioning, to post-closure management (referred to as “life cycle 
phases”). Due consideration thus needs to be given to the impacts of activities during all 
these life cycle phases and not merely during the active/operational phase of an activity.
Life cycle thinking is core to sustainability because it anticipates the potential for ‘shifting 
burdens’ which refers to the transfer of environmental impacts from one part of the life
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cycle to another by any given action. Table 1.1 gives examples of burden shifting for 
different life cycle dimensions.
Table 1.1 -  Examples of different life cycle pathways for shifting environmental burdens
Pathway System Example
Time Project life cycle A decision to mill ore to a very fine grade to 
enhance metal extraction during operation may  
leave a  waste which results in more extensive 
leaching of hazardous components post-closure 
and thus may require more substantial 
managem ent action and cost after the income 
generating production phase of the project.
Space Material life cycle 
(see Figure 1.3)
Legislation to reduce S O 2 emissions from vehicles 
by setting lower sulphur specifications on gasoline 
results in more processing stages and 
subsequently greater emissions at a  refinery.
Media Air, w ater and land. Introducing a scrubber to remove air pollutants 
from flue gas stack emissions m ay remove an air 
pollution problem, but in the process create a liquid 
effluent which may need careful m anagem ent to 
avoid contamination of surface or groundwater.
It is recognised that supply chains can be regional or global in scale, that emissions to air, 
water or land can have effects beyond the point at which they are generated, and that 
activities and their impacts can persist over time. This suggests that the benefits and 
burdens of activities may be distributed between different people across a region 
( ‘intragenerationar) or over time {‘intergenerationaV).
The evaluation of activities on a life cycle basis is considered central to decision making 
for sustainable development so that environmental impacts are minimised or avoided, and 
not merely shifted in space and time. Having outlined some of the key concepts which 
underpin the research, the goals and objectives of the EngD research project are now 
presented.
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1.2 Goal and Objectives of this Engineering Doctorate Project
This Engineering Doctorate (EngD) project aims to make a contribution to promoting 
sustainable industrial activity and focuses on how this might be achieved in an oil refinery 
context through the various decision processes that guide technology selection.
The specific objectives of this EngD project are:
• To understand the policies, principles and governance structure that drives 
technology selection at Pembroke Refinery;
• To identify where policies, principles and governance structures diverge from 
sustainable development imperatives, with a specific focus on the extent to which 
they should embrace life cycle thinking;
• To develop and demonstrate life cycle based approaches that:
■ Close the gaps between current practices and sustainable development 
imperatives;
■ Are suitably designed for implementation by the industry.
• To provide outcomes that are relevant throughout the oil refining industry and 
potentially beneficial to other industries.
1.3 Approach Adopted
1.3.1 Key Questions Asked to Guide Project Development
The objectives listed are achieved by working through the following key questions:
1. Are oil refineries on a path of sustainable development?
a. How would a vision of sustainability and sustainable development be articulated 
for oil refineries?
b. To what extent does Chevron GMfg’s strategic thinking embrace the concept of 
sustainability and what vision of sustainable development has Chevron GMfg 
articulated?
c. How are these strategies translated into decision making within Chevron GMfg?
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i. What are the decision making processes?
ii. To what extent do they capture all dimensions of sustainability?
iii. Are decision support tools that focus upon the environmental dimension 
underpinned by life cycle thinking?
2. How can oil refineries achieve sustainable development?
a. What tools or methodology should be used?
b. Where should interventions take place that offer the greatest potential to achieve
sustainable development?
3. Can life cycle thinking be used to help oil refineries become more sustainable?
a. Is life cycle thinking necessary?
i. How significant are the background impacts that are not traditionally
captured in refinery decision making processes?
ii. Do decisions that incorporate life cycle thinking lead to outcomes that are
different to outcomes from decisions driven by existing environmental 
legislation?
b. If life cycle thinking is necessary, are existing approaches to capturing life cycle
impacts {“life cycle approaches”) suitable for application at the refinery level?
c. If not, can life cycle approaches be adapted or developed to meet the 
requirements at the refinery level?
The focus of this work was on how life cycle thinking is deployed within the 
environmental dimension only (see Figure 1.2). This limitation on the scope of the project 
(primarily due to the time constraints of an EngD project) is not considered to be severe as 
the work identifies and realises opportunities to enhance the performance of the business 
and makes contributions to knowledge.
1.3.2 Project Stages and Document Structure
The stages followed to answer these key questions are represented by Figure 1.4, A 
sustainability vision (Stage 1) was first established based on an examination of both
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internal Chevron GMfg business thinking and practices (Stage 2) as well as consideration 
of the academic and more general business knowledge base (referred to as ‘Theoretical 
approaches’. Stage 4). A critical analysis of Chevron GMfg business framework (Stage 3) 
and trials of proposed business practices (Stage 5) then led to suggestions of how to 
improve Chevron GMfg’s business practices (Stage 6) and contributions to academic and 
general business knowledge (Stage 7). All these stages were underpinned by critical and 
original thinking to promote innovative solutions.
Establish
Vision
Own Ideas: 
Innovation
Contribution 
to knowledge Research
Theoretical
Approaches
Research
Chevron
Application
Figure 1.4 -  Stages followed by this EngD project to promote sustainable development at Chevron 
GMfg
Table 1.2 relates these steps to the key questions and to the relevant sections of this 
document.
The arguments and methodologies presented in this document have been developed in part 
by reviewing Chevron material (primarily available through the company’s restricted 
access intranet), communication with relevant Chevron personnel at Pembroke Refinery 
and in relevant Corporate functions (both in face-to-face discussions and through e-mails), 
as well as through practical experience gained when applying the company’s decision
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support processes and tools and the approaehes presented here to a number of projects at 
Pembroke Refinery.
Table 1.2 -  Structure of thesis In relation to project stages shown in Figure 1.4 and key questions 
given in the approach defined in Section 1.3
Project
Stage
Activity Key
Questions Section
1
Establish a vision of sustainability and sustainable 
development based on a review of theoretical approaches
la 2
2 Explore current practices at Chevron GMfg 1b
3 & 4
3
Review current practices at Chevron GMfg in relation to the 
vision (gap assessment)
Ic .i, ii, iii
4 Identify and select potential options to close the gaps 2a, b 4 & 5 . 1
5 Apply and test novel approaches within Chevron GMfg 3a, b, c
5.2  & 
5.3
6
Develop Chevron GMfg practices to progress towards the 
vision
All
5 .4  & 6
7
Develop methodologies and provide critical reflection to 
contribute to knowledge and promote continual improvement
All
A key challenge for this EngD project was to find suitable refinery based case studies that 
allowed work to be carried out in line with the projeet aims and enable the Research 
Engineer to make tangible and practical contributions to the host refinery. Two key case 
studies that formed the basis for this project are:
• Case Study 1: Waste Management for the Hydrogren Ruoride (HE) Catalysed 
Alkylation Unit (Appendix C, Appendix D and Appendix E).
• Case Study 2: IPPC Improvement Conditions Relating to Nitrogen Oxides (NOx) 
and Particulate Emissions from Boilers and Heaters (Appendix F).
These case studies are outlined in greater depth in the relevant appendices, which were 
developed as standalone reports. Summaries of these documents and a diseussion on the 
contribution of the work reported in each to the practical and academic outputs of the 
overall project are presented in this main doeument. Further supporting information is
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available in Volumes 2 and 3 (contained on a CD and attached inside the front cover of this 
Volume). The contents of Volumes 2 and 3 are as follows:
Volume 2: All six month progress reports and associated attachments
Volume 3: Project administration documents including minutes of meetings; periodic work 
summaries; annual presentations to refinery stakeholders; and various other communiqués 
issued to supervisors.
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2. A Vision of Sustainable Development for Oil 
Refineries
This section seeks to answer key question 1(a) as given in Section 1.3: “How would a 
vision o f sustainability and sustainable development be articulated fo r  oil refineries?” In 
this section an 'ideaV reference case is defined, against which Chevron GMfg management 
practices leading to technology selection at Pembroke Refinery have been compared. 
Following this section, a gap assessment will be presented (Section 3), which identifies 
opportunities to promote sustainable development throughout Chevron GMfg.
Defining a vision of sustainable development is not a straightforward task for a number of 
reasons. One reason is the dynamic nature of what is considered to be ideal due to the 
changing expectations of stakeholders and increasing (or decreasing) possibilities of what 
can be achieved. Another is the sheer complexity of the social, economic and 
environmental systems and their interactions that add to the magnitude of the task.
An organisation must determine why it wants to become more sustainable. Reasons could 
vary from the moral standpoint that it is mankind’s responsibility to protect nature and the 
welfare of others, to the commercial point of view that being more sustainable makes good 
business sense in terms of minimising costs, risks and ensuring the longevity of the 
organisation. On the latter viewpoint, Lubin and Esty (2010) argue that, like the drive for 
total quality management and the emergence of information technology, sustainability is a 
business “megatrend” that could “affect companies’ competitiveness and even their 
survival.”
The reason an organisation chooses for pursuing sustainability will influence the means by 
which it seeks to achieve it. If a moral standpoint is taken, then the organisation might 
measure its performance in terms of the impacts it has on people and the planet; they might 
also include impacts from along their supply chains thereby taking a more holistic 
approach. Alternatively, an organisation might stop short of trying to determine actual 
impacts and measure performance using metrics that are more easily related to business
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operations. If the aim is to satisfy shareholders, then indicators that shareholders consider 
to be important are likely to be prioritised.
There is a growing body of research that aims to provide a framework for organisations to 
adopt that will facilitate their drive for sustainable development. The emphasis of this 
research is upon enabling organisations to define indicators that can be used to measure 
their performance against a defined vision of sustainability. The outcome is often referred 
to as the ‘triple bottom line' because the indicators represent the social, environmental and 
economic impacts of the organisation. Having a standardised basis for such indicators and 
reporting them periodically would provide transparency and allow benchmarking.
Chee Tahir and Darton (2010) consider several methodologies for deriving indicator sets 
and note some of the challenges faced when attempting to define useful and feasible 
indicator sets. A particular difficulty is finding an appropriate balance between indicators 
that are simple enough to make them appealing to business whilst taking into account 
complex cause and effect chains to be sufficiently representative of real world outcomes.
An attempt to provide an all encompassing framework for reporting on an organisation’s 
economic, environmental and social performance is the ‘Sustainability Reporting 
Guidelines’ by the Global Reporting Initiative (GRI 2011). These guidelines lead the user 
through a stepwise process from determining the topics and indicators, which the 
organisation should report on, to specifying ‘standard disclosures’ that should be included 
in the report (e.g. statements about the organisation’s relationship to sustainability, 
organisational profile, report parameters including scope and boundary). A large range of 
indicators are then suggested that users can choose from to include in their reports; these 
indicators cover a wide range of areas such as human rights performance, energy use, 
biodiversity and product responsibility. A more succinct set of indicators, intended for 
internal business use by the process industry, is provided by the Institution of Chemical 
Engineers (IChemE 2002).
Chevron’s own Corporate Responsibility Report 2010 (Chevron 2010a), which focuses 
primarily on performance from a social perspective, is in part informed by the GRI as well
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as “Oil and Gas Industry Guidance on Voluntary Sustainability Reporting” (IPIECA 2010), 
which fulfils a similar function to GRI, but is specifically aimed at the oil and gas industry 
and developed by companies from that industry -  including Chevron -  under the auspices 
of IPIECA - the global oil and gas industry association for environmental and social 
issues.
The focus of the present work is on providing a framework for driving sustainable 
development through technology selection (i.e. encouraging project decisions that lead to 
more sustainable outcomes), rather than proposing specific indicators (i.e. measuring the 
results of these outcomes), and so it provides a link between an organisations view of 
sustainability and achieving progress towards this. Initially, an organisation needs to 
establish its principles in terms of how it sees the world, how it sees sustainability and how 
to establish processes that can lead the business towards this vision.
In the following attempt to provide a vision for sustainable development, it is assumed that 
Chevron’s motivation for doing so is largely business focused in that its main aim is to 
continue to thrive whilst taking due consideration of the constraints that could prevent it 
from doing so. This assumption is considered reasonable given the internal business capital 
allocation decision making processes and criteria used in these (which are described later 
in section 3.2).
The hierarchical relationships between principles, activities and metrics for sustainable 
development outlined in the “The Natural Step” (TNS) approach by Robert (2000) provide 
a useful structure in which to frame the underpinning requirements for sustainable 
development through technology selection (see Table 2.1). This framework has been 
interpreted with relation to the management of industrial activities and is used to guide the 
discussion in this section.
In a management system designed to proceed from policy formulation to executed actions, 
the first step required is to define a set of strategic objectives, in line with the articulated 
policy/vision, which subsequently guides the company along a path of sustainable
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development. The second, and equally important step, is to establish processes and tactical 
goals that ensure actions executed are in line with these strategic objectives.
Table 2.1 -  A framework for sustainable development based on work by Robert (2000)
Stage in Robert's hierarchy Relation to Industry
1. Principles defined that describe how the biosphere/society system 
is constituted
From policy to strategic 
objectives
2. Principles for sustainability defined that describe a certain 
favourable outcome in the biosphere/society system.
3. Principles for sustainable development defined; i.e. the principles 
for a process to meet principles for sustainability.
Identifying, selecting 
and implementing 
opportunities for 
improvement4. Activities established that are aligned with the principles for sustainable development.
5. Metrics defined for sustainable development: concepts and tools 
for measuring and monitoring the transition.
Assessment tools and 
procedures
The action of particular relevance to this EngD project is the selection and implementation 
of new technologies, which fits into Robert’s hierarchy (Table 2.1) as a process for 
transforming activities within an organisation (Stage 4) guided by the organisation’s 
principles (Stages 1 -  3) and informed by suitable metrics (Stage 5). At the refinery level, 
this process is generally initiated by assessing the performance of cuiTent operations and 
identifying opportunities for improvement. This is then followed by the identification and 
assessment of available alternatives within the decision processes that are used to select the 
preferred option for implementation.
From this brief outline it is clear that, to follow a path of sustainable development, tools are 
needed to adequately assess the performance of technologies in relation to the concepts of 
sustainability described in Section 1.1. Also needed are decision support processes that can 
handle these various measures of performance and facilitate decisions that are underpinned 
by life cycle thinking.
Section 2.1 explores in more detail how this framework can be used to guide sustainable 
development in the oil refining industry; it includes an attempt to define sustainable 
development objectives based upon the fundamental social, environmental and economic 
drivers.
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In Section 2.2, an approach to decision making, called multiple criteria deeision analysis 
(MCDA), will be introdueed as it is suitable for oil refineries to use in making teehnology 
seleetion decisions that take into aecount the multiple objectives outlined in Seetion 2.1. 
Together, the defined objectives and the approaeh used to capture them in technology 
selection decisions set the ‘ideal' reference ease, against whieh Chevron GMfg’s praetiees 
are then eompared to identify opportunities to promote sustainable development within 
Chevron GMfg.
2.1 Sustainable Development Objectives for the Oil Refining Industry
The three dimensions of sustainability introdueed in Section 1.1 (social acceptability; 
environmental earrying capacity and resource availability; and teehnologieal and eeonomic 
feasibility) are now considered for the ease of an oil refinery with the aim of developing a 
range of business focus areas that should be captured in poliey to drive sustainable 
development. The intention is then to convert these foeus areas into more speeifie 
objeetives that offer clear guidanee on how the organisation intends to progress towards 
sustainability.
In Seetion 1.1 the idea was introdueed that the dimensions of sustainability can in fact be 
eonsidered as a set of eonstraints whieh, if exeeeded, mean that an activity is 
unsustainable. The most important eonstraints to recognise, when eonsidering oil refineries 
in a paradigm of sustainability, are resource availability and global warming. Given that 
refineries form part of a produet ehain that is dependent upon non-renewable crude oil, 
whieh releases greenhouse gases when consumed, they ean never be sustainable in the 
strietest sense. However, while suitable alternative energy sourees are sought, there is an 
important role to be played by oil eompanies in seeuring a transition to a sustainable future. 
Aeeording to the International Energy Agency (lEA 2009), demand for oil is expeeted to 
inerease by 24% from 2008 to 2030. Given these constraints, the objeetive of this EngD 
projeet may be better deseribed as ‘identifying less unsustainable technological solutions 
fo r  the oil refining industry', however it is more convenient to continue with the commonly 
used terms of ‘sustainability' and ‘sustainable development', as deseribed in Seetion 1.1, 
while recognising that these aspirations are ultimately unobtainable for this industry.
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Before attempting to define a set of strategic objectives for sustainable development an 
organisation needs to identify what focus areas these objectives must cover. In Table 2.2, 
an attempt has been made to provide an initial set of business focus areas for sustainable 
development based on stakeholder expeetations for the oil refining industry and eonstraints 
to meeting them. Stakeholder expeetations were identified based on general literature on 
the oil industry. The constraints represent boundary eonditions that, if crossed, eould lead 
to an undesirable state where either the organisation or society itself would be unable to 
function. The further an organisation operates from these boundaries, the eloser it is to 
being sustainable; the strategic objectives defined for eaeh business foeus area would 
therefore aim to eneourage progress towards this more sustainable state. Given the 
emphasis that this approach places upon stakeholder expeetations, it ean be considered to 
represent an anthropoeentric view of sustainability where the driver for eh ange is from 
human preferences rather than attempting to define what is best for, for example, nature.
Table 2.2 -  Business focus areas for sustainable development based on stakeholder preferences and 
constraints to meeting them.
Dimension Expectation / Driver Constraints Business Focus
Social •  Direct and indirect 
employment
•  Safe and healthy 
working environment
•  Minimal negative 
externalities to local 
community
•  industrial action from 
workforce
•  Public action from local 
population or pressure 
groups.
•  Employee relations
•  Health and Safety  
performance
•  Interactions with local 
community
Economic •  Affordable personal 
mobility
•  Shareholder 
expectations
•  M aintenance of 
customer base
•  Production limits
•  Taxes paid
•  Resource availability
•  Meeting demand
•  Profitability
■ Costs of feedstock
■ Manufacturing costs
■ Sales price
■ Reliability
•  Resource efficiency
Environmental •  Protection of 
biodiversity
•  Habitation free from 
anthropogenic 
environmental 
hazards
•  Public action from local 
population or pressure 
groups
•  Carrying capacity of the 
earth
•  Local environment
•  Global environment
N. Weston 18
Chapter 2 - A Vision of Sustainable Development for Oil Refineries
The business foeus areas in Table 2.2 help to establish a policy for sustainable behaviour 
and set the foundation for more specific objectives in relation to each of them. An 
important source of constraints, omitted from the table but representing each of the 
dimensions of sustainability, is legislation. Laws provide an artificial boundary that lies 
within the constraints listed in Table 2.2 to ensure that these extremes are not used as 
controlling limits, this leads to an additional business focus area of ‘regulatory 
compliance ’.
A further point of note is that these constraints apply not only to the oil refinery, but to 
every operation along its supply chain; i.e., its life cycle. If any part of the life cycle is 
unsustainable then so is the whole; therefore, life cycle thinking must underpin all actions 
associated with the other drivers.
Based on the business focus areas presented in Table 2.2, Table 2.3 presents an attempt to 
define strategic objectives that a refinery on a path of sustainable development might 
pursue; the means of achieving these strategic objectives are also suggested in the table.
It is acknowledged that these strategic objectives and means of achievement have not been 
developed through extensive stakeholder engagement. They represent a first step towards a 
more robust set of objectives, a starting point for stakeholder engagement; they are an 
attempt to interpret an ideal vision in concrete and achievable, albeit ambitious, terms. This 
list of strategic objectives will provide a reference point throughout Section 3 to identify 
the extent to which they are articulated within Chevron GMfg’s management systems.
Of the objectives listed in Table 2.3, the improvement of life cycle performance has the 
least well defined means of achievement. There are a number of reasons for this: it is a 
relatively new concept, system boundaries (or boundaries of responsibility) are difficult to 
define and it cuts across all other drivers.
A further point of note is that one of the key challenges to progressing along a path of 
sustainable development, which was identified in Section 1.1.1, is to work towards all of 
these objeetives simultaneously. This in itself represents an additional objeetive, the 
integration of multiple objectives within deeision making, which is explored in Section 2.2.
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Table 2.3 -  Possible strategic objectives for an oii refinery pursuing sustainabiiity
Focal Area Objective Means
Employee
relations
A satisfied and
productive
workforce
Maintains good relationships with trade unions. Provides 
fair em ployee terms and conditions. Provides incentives 
for better performance.
Health and 
Safety
Operate with zero 
injuries and zero  
incidents.
Using the minimum volume of hazardous substances 
and the safest intrinsic mechanical designs that 
available technology allows. W here hazards are present, 
operating procedures are in place to reduce risk.
Local
environment /  
population
Operate in harmony 
with the local 
population and 
environment.
Avoids harming local ecosystems and supports 
biodiversity.
Positively involved in the community by funding projects 
and initiatives to embrace local welfare and culture and 
negate the effects of unavoidable externalities.
Global
environment
Operate within the 
ecological 
constraints of the 
earth.
Minimising emissions to the lowest level achievable with 
available technology, in addition to avoiding use of 
hazardous substances and promoting resource 
efficiency.
Resource
efficiency
(W aste
managem ent)
Optimise resource 
(energy and 
material) efficiency.
W aste and energy loss is avoided w herever possible; 
where not possible decisions for waste and energy  
m anagem ent are based upon life cycle approaches.
Profitability 
and meeting 
demand
Be profitable and 
provide fuel at an 
affordable price.
Deliver products priced fairly according to dem and. 
Negotiate with legislators to ensure regulations do not 
incur excessive costs on production.
Product supply Secure and reliable 
supply of fuels and 
chemicals to 
customers
Operations integrity m anagem ent systems implemented  
to promote operational excellence with no incidents or 
unplanned interruptions to supply of products.
Legislation Comply with all
applicable
legislation.
By keeping up to date with legislative requirements and 
responding in a timely manner.
Life cycle 
thinking
Seek to improve its 
life cycle 
performance in 
relation to all other 
drivers.
Requires responsibility to be taken for life cycle 
performance throughout time and space.
2.2 Making Decisions When Faced with Multiple Objectives
In Section 1.1.1, the importance of decision making to drive sustainable development was 
established. It was also highlighted that because of: (i) the multiple objectives that arise 
from the three component model of sustainability; (ii) the numerous stakeholders that can 
influence or are affected by decision outcomes; and (iii) the uncertainty associated with
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predicting outcomes and modelling preferences; then to determine appropriate tradeoffs 
and select preferred alternatives decision makers need approaches that enable them to 
consider a wide range of alternatives on the basis of a wide array of criteria. Determination 
of the most suitable approach to decision making to support these purposes requires an 
understanding of the decision context. In the following subsections, the decision context 
for technology selection at oil refineries will be established (Section 2.2.1), and an 
approach to making decisions that can promote sustainable development within this 
context will be introduced (Section 2.2.2).
2.2.1 Decision Context for Technology Selection at Oil Refineries
In this project, where the focus is upon technology selection at oil refineries, a simplified 
approach to defining the decision context has been used. This is shown in Figure 2.1, 
which includes examples to illustrate the types of decisions to be captured.
The main features of a decision that have formed the basis for this approach are the ‘level 
o f change' and the ‘level o f  decision maker’, although it is suggested that, broadly 
speaking, the many other features defining decision contexts (see for example. Basson 
2004, for a list of ten features typically considered) are related to these two key features. 
The ‘level o f change ' can be closely associated with the levels of ehange required to 
produce a particular product by a cleaner route, recognised by Allen (1997) as:
1. Minimise arisings of waste and effluent and consumption of energy within an 
essentially unchanged process;
2. Modify the process or technology to use the same materials but more efficiently 
and with less energy;
3. Redesign the process completely and change the input materials.
A point of particular relevance too is ‘lock-in ' to past technologies that constrains the paths 
of development. This is a common feature for projects at oil refineries, which enter the 
new era of sustainable development with a weight of technology that was designed in a 
different time when social and environmental constraints were less well understood.
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This is an  
im p o r ta n t  a re a  in 
tra n s itio n  
in d u str ie s , su ch  as  
oil re f in eries .
EXAMPLE: R educe  
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U nitlFC C Ul
Current
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im p o r ta n t  a re a  
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d e v e lo p m e n t
Level o f  C hange
O p erational
Retrofit
R eplace
Process
R educe /  
R eplace 
Product
R educe /  
R eplace  
S ervice
Level o f  D ecision
Exam ple A ltern atives
O p eration s
Local Facility
C orporate
Industrial
O p tim ise  o p e ra t io n s  to  
in c re a se  e n e rg y  efficiency
Install f lu e  g a s  e x p a n d e r  
o n  r e g e n e r a to r  o v e rh e a d s  
fo r  a d d itio n a l e n e rg y  
r ec o v e ry
Build u p s tre a m  
h yd re p ro c e ss in g  u n it to  
im p ro v e  fe e d  q u a lity  an d  
r e d u c e  co k e  m a k e /b u rn
S ocie ta l
R eplace FCCU w ith  
H y d ro c rack e r
In c re a s e d  ie s e l /re d u c e  
g aso lin e  p ro d u c tio n  on  
refin ery .
Also, in c re a se d  public 
a d o p tio n  o f  h y b rid  a n d  
e lec tric  p o w e re d  cars.
G o v e rn m e n t 
m e a s u re s  to  re d u c e  
pub lic  c a r  u se
Future
S ta te
M ore a ltern a tiv es  
M ore stak eh o ld ers  
High co s t  o f  ch a n g e  
High c o n s e q u e n c e  
H igher u ncerta in ty
Figure 2.1 -  The Increasing challenges faced by decision makers and the relationship between ‘levels 
of change’ and ‘levels of decision maker’. Example included for reducing CO2 emissions from an 
FCCU.
Based on Figure 2.1, the decision context for technology selection at oil refineries can be 
said to extend from day-to-day operational decisions up to large scale projects to 
reduce/replace individual products, although the influence of the refinery in the decision 
diminishes as the level of change increases. For example, at one end of this spectrum, 
although a refinery would participate in a decision to significantly change the proportions 
of diesel and gasoline production, approval would be needed from a high level in the 
corporation and the fundamental driver for such a move would be some change in external 
pressures (i.e. demand for either gasoline or diesel) rather than some internal initiative and 
the subsequent need to maximise profits. At the other end of this spectrum, where 
refineries exert greatest influence, there are operational decisions, which are relatively easy 
to make because they involve few objectives and few stakeholders.
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In between these extremes, as decisions move away from operational, they are 
characterised by a larger number of objectives, additional stakeholders, increasing 
extent/severity of consequences, more uncertainty and a greater range of alternatives; 
Funtowicz and Ravetz (1993) describe this area as a shift to post-normal science. It is 
towards the ‘operational’ end of this range that most technology selection decisions are 
made or influenced by project teams at oil refineries, so this is the target area for this EngD 
project. Given that this area is primarily influenced by local facility (Pembroke Refinery) 
and corporate (Chevron GMfg) levels, a critical review of the approaches to technology 
selection at these levels is necessary.
The reference against which Chevron GMfg’s approaches to decision making will be 
compared is an approach to decision making called ‘Multiple Criteria Decision Analysis’ 
(MCDA). MCDA is designed to handle “technological systems in which people are 
largely passive components” (as opposed to “social systems, which contain people who 
may act to change the nature o f the system”'. Basson, 2004)). MCDA can be applied when 
there are either a variety of stakeholders who have different perceptions of the decision 
problem but a commitment to participate in a structured decision process to resolve 
differences, or when there is agreement over the definition of a decision problem. Given 
the focus on technological systems and the requirement ultimately to make decisions from 
a company perspective, such approaches are therefore considered suitable for the range of 
refinery based technology selection decisions targeted by this EngD project. MCDA will 
be discussed further in Section 2.2.2.
2.2.2 Multiple Criteria Decision Analysis (MCDA)
‘Criteria ’ are the performance indicators used by decision makers to compare alternatives. 
They are intended to capture measurable outcomes that represent progress towards the 
defined objectives. For example, the goal of ‘reducing costs’ would have the quantifiable 
criterion ‘costs’ while the goal of ‘reducing environmental impacts’ might be expressed as 
a number of criteria such as reducing contributions to climate change (measured in terms 
of the Global Warming Potential, GWP) or to regional acidification (measured in terms of 
Acidification Potential, AP). When a decision aims to fulfil multiple objectives, and hence
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a range of criteria, the preferred alternative becomes less obvious and structured 
approaches to decision making are needed.
Belton and Stewart (2001) describe MCDA as being “an umbrella term to describe a 
collection o f form al approaches which seek to take explicit account o f multiple criteria in 
helping individuals or groups explore decisions that matter. ” Decisions are said to matter 
when there is sufficient conflict, either between criteria or in the relative importance of 
each criterion, to make intuitive decision making unsatisfactory.
Rather than providing a prescriptive procedure for addressing these types of decisions, 
MCDA provides a framework that is designed to guide decision makers through the 
decision making process. Embedded within MCDA are a variety of philosophies, 
approaches and tools that can facilitate the decision making process by, for example, 
providing a means of developing criteria based upon stakeholder preferences; identifying a 
range of possible alternatives; and comparing the consequences of implementing each 
alternative. Table 2.4 provides an overview of what an MCDA framework looks like for 
solving a problem and includes descriptions of some of the key activities that take place at 
each stage of the decision making process. However, using a tabular format to show this 
framework is somewhat limiting, because it cannot show the various iterations that are 
inherent in the process. More complete descriptions of MCDA are provided, for example, 
by Belton and Stewart (2001) and Basson (2004).
The framework provided in Table 2.4 was used as the reference case, representing the ideal 
format for approaches to decision making at oil refineries that are on a path of sustainable 
development. In Section 3, a comparison between the approaches to decision making used 
to inform technology selection within Chevron GMfg and MCDA will be presented 
alongside a review of the objectives defined throughout the organisation in comparison to 
the strategic objectives for sustainable development defined in Section 2.1.
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3. Chevron GMfg Compared Against a Vision of 
Sustainable Development
Chevron GMfg is the branch within Chevron Corporation that controls all of Chevron’s 
wholly owned and joint venture oil refineries. An organisational chart showing the position 
of Pembroke Refinery and Chevron GMfg within Chevron Corporation is shown in Table 
3.1. Although the work carried out through this EngD project was based at Pembroke 
Refinery, it required engagement with people and processes at higher levels of the 
organisation; hence it provides a basis for a critique of processes defined at higher levels in 
the organisation and is therefore relevant to the whole of Chevron GMfg.
This section presents a critical review of Chevron GMfg’s policies and strategic objectives, 
their translation into project prioritisation and execution compared to the vision of an oil 
refinery on a path of sustainable development as described in Section 2. Specifically, this 
section seeks to answer key questions 1(b) to l(c.iii) as listed in Section 1.3 and describes 
the second and third stages of the EngD project (see Table 1.2).
The aim of this section is to highlight areas that need to be improved in order for Chevron 
GMfg to progress further along a path of sustainable development so as to provide the 
basis for the key focus areas that were decided upon for the EngD project (to be explained 
in Section 4).
The structure of this section is also set out in Table 3.1. It starts by discussing the 
organisation’s guiding policies (Section 3.1), their translation into capital allocation 
processes (Section 3.2) and implementation via project execution processes (Section 3.3) 
that are associated with progressing technology selection. Consideration is then given to 
how information is gathered about the environmental impacts of alternatives to inform the 
various decision making processes that are used (Section 3.4). Separate critical reviews, 
which contrast the business practices at Chevron GMfg with the vision defined for an oil 
refinery on a path of sustainable development, are provided in the four main subsections. 
The findings from these individual critiques are then summarised (Section 3.5) where
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opportunities to progress Chevron GMfg along a path of sustainable development are made 
explicit, to show the basis for the work carried out in this EngD project.
Table 3.1 -  Pembroke Refinery’s position within Chevron Corporation; the key policies, decision 
processes and decision support processes examined in this section; and a guide to how this section 
is structured.
Level of 
Thinking
Level of Organisation
Current Policy / Decision 
Process
Section
Policy
Chevron Corporation
Chevron Global 
Downstream (GD) & 
Chemicals
The Chevron W ay; Operational 
Excellence; (Legislation)
3.1
Strategy Chevron GMfg
Manufacturing Capital 
Optimisation Process (M C O P)
3.2
Chevron
GMfg
Decision
Support
Processes
Section
3.4
Tactics Pembroke Refinery
Pembroke Project Selection 
Matrix
Execution Project Team
Chevron Project Development 
and Execution Process 
(CPDEP)
3.3
3.1 The Chevron Governance Structure for Refineries
At the highest level. Chevron Corporation defines its vision and values in ‘The Chevron 
Way' (Chevron 2008), a policy that explains “who we are, what we do, what we believe 
and what we plan to accomplish”. Within this policy the following visions and values are 
of particular relevance to this project:
Visions:
“Provide energy products vital to sustainable economic prosress and human 
development throughout the world”
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“Earn the admiration o f all our stakeholders -  investors, customers, host 
governments, local communities and our employees -  not only fo r  the goals we 
achieve but how we achieve them. ”
Values:
“We place the highest priority on the health and safety o f our workforce and 
protection o f our assets and the environment. We aim to be admired fo r  world-class 
performance through disciplined application o f our Operational Excellence 
Management System. ”
The key phrases underlined, selected by this author, contain references to the drivers 
outlined in Section 2.1. Introduced within this text is ‘Operational Excellence’ (OE) 
(Chevron 2008a), a management system with its own policy objectives that specifically 
deals with the “systematic management o f safety, health, environment, reliability and 
efficiency to achieve world class performance.” OE outlines thirteen ‘expectations’ of 
company practices that, amongst other things, relate to a broad range of environmental 
considerations; these expectations are now listed in full. A comparison between these 
expectations and the objectives for sustainable development defined in Section 2.1 is 
presented in the critical review in Section 3.1.1 (Chevron 2008a):
1. Security: “Providing a secure environment in which business operations may be 
conducted successfully; ”
2. Facility design and construction: “Designing and constructing facilities to 
prevent injury, illness and incidents and to operate reliably, efficiently and in an 
environmentally sound manner; ”
3. Safe operations: “Operating and maintaining facilities in a manner that does not 
cause injuries, illnesses or incidents; ”
4. Change m anagem ent: “Managing both permanent and temporary changes to 
prevent incidents; ”
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5. Reliability and efficiency:
a. “Operating and maintaining facilities to sustain mechanical integrity and 
prevent incidents.
b. Maximizing efficiency o f operations and conserving natural resources.”
6. Third party services: “Systematically addressing and managing contractor 
conformance to OE through contractual agreements. ”
7. Environmental stewardship: “Working to prevent pollution and waste; striving to 
continually improve environmental performance and limiting impacts from  our 
operations; ”
8. Product stewardship: “Managing potential risks o f our products throughout the 
products' life-cycles; ”
9. Incident investigation: “Investigating incidents to identify, broadly communicate 
and correct root causes o f incidents to reduce the likelihood o f recurrence; ”
10. Community awareness and outreach: “Reaching out to the community and 
engaging in open dialogue to build trust; ”
11. Emergency management: “Having preparedness plans in place to quickly and 
effectively respond to and recover from  any emergency; ”
12. Compliance assurance: “Complying and verifying conformance with company 
policy and all applicable laws and regulations; applying responsible standards 
where laws and regulations do not exist; enabling employees and contractors to 
understand their safety, health and environmental responsibilities;”
13. Legislative and regulatory advocacy: “Working ethically and constructively to 
influence proposed laws and regulations, and debate on emerging issues. ”
Continuing down the levels of the organisation, the core divisions (e.g. Global Upstream 
and Gas; Global Downstream & Chemicals; Technology and Services) take these policies
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and OE expectations and develop long term strategies, which are more focused to provide 
guidance to the functions’. The core division of relevance here is called ‘Global 
Downstream & Chemicals’ (referred to throughout this document as ‘Chevron GD’). 
Chevron GD has five major strategies that make up its 20 year strategic plan. Together 
these strategies are intended to make Chevron GD the “leader in value chain integration”. 
Of these five strategies the one that relates to environmental performance is:
“Drive top competitive performance in the base business through operational excellence”.
One step down, at the functional level. Chevron GMfg sets its own long term strategies 
based upon those set by Chevron GD. The strategy in relation to OE is a repeat of that set 
by Chevron GD. Another relevant strategy specific to Chevron GMfg is to:
“Use technology to increase flexibility, meet reeulations and optimise manufacturing. ”
Also within Chevron GMfg, more specific objectives are set to ensure that tactical 
decisions at the refinery level are aligned with the overall strategies. These are:
• “Zero incidents (including breaches o f compliance)”
• “Zero injuries ”
• “Number 1 in competitive performance (by improved return on capital employed and 
increased enterprise value)”
Finally, at the refinery level, Pembroke Refinery sets its own local strategies, which are 
intended to guide project selection and allocation of resources. The strategies are:
“Incident and Injury Free ”
“Reliability ”
“Add profit and strategic value ”
“Capital and cost stewardship ”
“Organisational capability”
These strategies and their specific objectives have been mapped onto the objectives set by 
Chevron GMfg (see Table 3.2)
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3.1.1 Critical Review: Policy & Strategic Objectives
The language used at the policy level in ‘The Chevron W ay’ and ‘Operational Excellence’ 
(OE) shows an awareness of the economic, social and environmental dimensions of 
sustainability. “Sustainable economic progress” is explicitly mentioned along with 
“human development throughout the world”, which can be associated with 
intragenerational equity. Significant weight is placed upon the importance of 
environmental and social matters by associating them with phrases like “highestpriority” 
and “world class performance”.
The OE expectations, which represent the transformation of policy into a set of strategic 
objectives, are set at a similar level to the possible strategic objectives for an oil refinery 
pursuing sustainability given in Table 2.3 (Section 2.1). The alignment between these two 
sets of objectives is shown in Table 3.3.
Table 3.3 -  Alignment between the objectives for sustainable development, proposed in Table 2.3, and 
Chevron’s Operational Excellence expectations
Focal Area Objective Related OE 
Expectations
Safety Operate with zero injuries and zero incidents. 2, 3, 4, 8, 9
Local Environment / 
Population
Operate in harmony with the local population and 
environment.
2, 3, 4, 7, 8, 9
Global Environment Operate within the ecological constraints of the 
earth.
2, 5, 7, 8
Resource efficiency 
(Waste management)
Optimise resource (energy and material) efficiency. 2, 5
Profitability (and 
affordable fuel)
Be profitable and provide fuel at an affordable price. None
Product Supply Secure and reliable supply of fuels and chemicals 
to customers
1 .4 , 5, 9, 11
Legislation Comply with all applicable legislation. 12, 13
Life cycle thinking Seeks to improve its life cycle performance in 
relation to all other drivers.
8
It should be noted that OE expectation number 6 { ‘Third Party Services’) is not included in 
the right hand column because it simply says that all other expectations should also be
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applied to external contractors. Also of note is the lack of any OE expectations relating to 
‘profitability (and affordable fu e l)’\ this is not altogether surprising because, by definition, 
OE relates to safety, health, environment, reliability and efficiency. It is through these 
strategic objectives that Chevron expects to maximise profits and one only need look at the 
next level down in the organisation to see that “Number 1 in competitive performance (by 
improved return on capital employed and increased enterprise valuej ” is a clearly defined 
strategic goal.
Table 3.3 provides an interesting contrast between OE expectations and a vision for 
sustainable development. An OE expectation that stands out in this review is number 8 
“Product Stewardship ”, because it has connotations of life cycle thinking. The ‘Product 
Stewardship Guidance’ document (Chevron 2007), which was issued in response to this 
OE expectation, reveals that although some responsibility is taken for product associated 
risks from cradle-to-grave (e.g. issuing material safety data sheets, identifying product 
hazards for transport, and assessing direct environmental risks posed by products), life 
cycle thinking in the full sense (as explain in Section 1.1.2) is not captured by this OE 
expectation.
Although the majority of focal areas and associated objectives shown in Table 3.3 are the 
subject of several OE expectations, which would suggest a variety of approaches to 
ensuring that strategic objectives are met, there are in fact some recurring themes within 
the OE expectations that represent the main approach to fulfilling strategic objectives. 
These are: to achieve “zero injuries” and “zero incidents”. These two objectives run 
throughout the OE expectations; they are the strategic objectives defined by Chevron 
GMfg and used by Pembroke Refinery to develop their own objectives.
This narrowing of the OE expectations to two common themes, although laudable, carries 
the risk of oversimplifying decision making processes. Furthermore, the importance of 
legislation to set standards becomes increasingly apparent, especially with regard to the 
environment where objectives use language such as “zero incidents (including breaches o f  
compliance)” and “We are respected fo r  our environmental performance and compliance 
from  a regulatory and public perspective” (from Table 3.2).
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Based on this review, it is apparent that the policies that guide technology selection within 
Chevron GMfg take into account a diverse range of focal areas, as should be the case for 
an organisation seeking to progress along a path of sustainable development. However, due 
to a narrowing of these objectives at the refinery level there is a risk of over simplifying 
decisions into a few criteria. Also, due to an incomplete approach to life cycle thinking 
there is a risk of shifting burdens. Given the importance of legislation in setting standards, 
it is possible that these risks could be addressed through law; however, first it is necessary 
to understand the current legislative drivers and to cheek their alignment with a vision for 
sustainable development.
It should be noted here that Pembroke Refinery has an exemplary safety and environmental 
record and there have been no major incidents at the site since it came under Chevron 
control (following a merger with Texaco in 2001) and for some years before that. It can be 
said, therefore, that the stratégie objectives currently defined are proving to be an effective 
means of ensuring the integrity of current operations. The focus of this EngD project 
however, is upon future sustainable development through technology selection and it is in 
this context that these critiques are made.
3.2 Identify, C ategorise and Select O pportunities to Im prove
This section reviews the capital allocation processes that are used in Chevron GMfg to 
identify opportunities to improve the business and to select between the opportunities 
identified. These processes are intended to ensure that the resulting projects, which are set 
up to pursue the opportunities identified, are prioritised according to and aligned with the 
strategic objectives described in Section 3.1.
Section 3.2.1 focuses at the Chevron GMfg level, where a capital allocation process is used 
to distribute funds to projects at all refineries in the Chevron GMfg network. At this level, 
it is done aeeording to the ‘Manufacturing Capital Optimisation Process’ (MCOP). 
Section 3.2.2 then describes the capital allocation process defined by Pembroke Refinery, 
the ‘Pembroke Project Selection M atrix’ (PPSM); this proeess seeks to prioritise projects 
according to Pembroke’s own strategic objectives listed in Table 3.2.
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A critical review of these capital allocation processes, in relation to the reference case -  
MCDA -  described in Section 2.2.2, is then provided in Section 3.2.3.
3.2.1 Manufacturing Capital Optimisation Process (MCOP)
MCOP aims to ensure that the portfolio of projects selected across Chevron GMfg is in 
line with the strategic objectives described earlier in Section 3.1. Figure 3.1 shows a high 
level map of the portfolio selection process.
Reolacement
Protects
B u s i r e s e  D r iv e r  
D e f in i t io n
FU3WS p r o c e s s
Growth/ Sustain 
>>fx>iects
Project Valuation
• strategic Value 
» Financial Value
B u s i n e s s  D r iv e r  
P r io r i t i z a t io n
Actionable FES 
Risk Projects
CPDI
Optimize Portfolio
Assess Portfolio 
Constraint Analysis 
Advanced Analytics
S e le c te d
Portfolio
ORDER: Chevron Rroject Development and Execution Rrocess (Section 3.3)
RBWS: Risk Based W ork Selection Rrocess (Section 3.4.1)
HES: Health, Environment and Safety
Figure 3.1 -  MCOP project portfolio selection process, showing project categories (highlighted in 
ellipses) and routes for each category to reach the selected portfolio (Chevron 2008b)
Within MCOP, opportunities are described as ‘Compliance’, ‘Replacement’, ‘Growth’, and 
‘Sustain’', each of these is shown in Figure 3.1 in an initiating block as highlighted by an 
ellipse. There is a direct path for ‘compliance’ projects to enter the selected portfolio 
(alongside CPDEP projects in Phases 3 and 4, which have already been through the capital 
allocation process at an earlier stage; Section 3.3.1) meaning that, to be selected, these 
projects must meet the minimum number of criteria because:
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1. They are the only projects that do not specifically require economic metrics to be 
submitted;
2. They are selected based upon the urgency of the regulatory requirement.
‘Replacement’ projects, which are concerned with the replacement of old process 
equipment, undergo ‘risk based work selection’ (RBWS). This involves a systematic risk 
assessment procedure, called ‘RiskMan2’, which prioritises equipment replacement based 
on the magnitude of risk associated with its failure (where risk is a function of 
‘probability’ of a hazard causing harm and the potential damage caused or ‘consequence’, 
see Table 3.4). The highest priority projects enter the project portfolio directly, while 
projects addressing areas of lower risk are grouped with ‘growth’ and ‘sustain’ projects 
and undergo further assessment. ‘RiskManl ’ as a decision support tool is discussed further 
in Section 3.4.1.
Table 3.4 -  The Risk Based Work Selection (RBWS) matrix used to prioritise ‘replacement’ projects 
(Chevron 2009)
Consequence
Risks
Safety Health Environmental
High
y
Low
Based on potential 
extent of injury to 
workforce or public
Based on potential 
extent of effects to 
workforce or public from 
chemical or physical or 
exposure to biological 
agents
Based on severity of 
dam age and extent of 
area affected
‘Growth’ projects, aimed at improving the competitive position; ‘sustain’ projects, aimed 
at maintaining the competitive position; and low risk ‘replacement’ projects are compared 
on their financial and strategic value.
The business drivers that guide strategic fit are more specific than the strategic objectives 
outlined previously (Section 3.1) and they include: increasing output of high value 
products; improving reliability; reducing operating expenses; increasing crude refining 
capacity; and increasing ability to refine additional types of crude or intermediates. The 
cost of each project is weighed up against its strategic fit and projects are ranked using an 
‘analytic hierarchy process’, which is an approach to ranking projects that compares two
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projects at a time and prioritises the one which is deemed to be more closely aligned with 
stakeholder preferences (Saaty 1990). When projects cannot be separated based on their 
cost and strategic fit, then additional business drivers, such as environmental performance 
and enhanced reputation, can be introduced to provide a differentiating factor. This is the 
only means for environmental performance to promote the selection of projects in the 
‘growth’, ‘sustain’ and low risk ‘replacement’ project categories, although all projects 
have to satisfy OE Expectation no. 2.
3.2.2 Pembroke Project Selection Matrix (PPSM)
Projects that go into MCOP are submitted by the individual refineries. Each refinery is 
given the freedom to choose its own method for identifying, categorising, prioritising and 
selecting projects to be submitted to MCOP although they are required to specify the 
MCOP category into which each project fits.
At Pembroke Refinery, projects are categorised according to the matrix shown in Table
3.5, which also shows the top level prioritisation criteria used to rank projects in each 
category.
The use of a compliance category mirrors that in MCOP. However, it should be noted that 
projects in this area can also be driven through internal audits (i.e. conducted by Chevron 
GMfg according to corporate standards); this leads to the main driver being ‘corporate 
requirement’ rather than ‘compliance’. There is not a strict match between the other capital 
expense categories in PPSM and MCOP categories so decisions as to which MCOP 
category best fits are made on a project-by-project basis.
Prioritisation and selection of projects begins by ordering the projects and their estimated 
capital expense within their specified category according to the priorities listed in Table
3.5. Pembroke Refinery decides how many projects from each category are to be submitted 
to MCOP according to its own strategy. Criteria additional to the priorities given in Table 
3.5 are introduced to select between projects that lie near to the cut-off points within each 
category.
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‘Special projects’ do not have predefined selection criteria; they are mainly strategic in 
nature and there are only a few of them at each facility, meaning that they can be directly 
submitted to MCOP and assessed by Chevron GMfg according to their strategic fit.
Table 3.5 -  Pembroke Project Selection Matrix (PPSM) showing the eight project categories and the 
main criteria used to prioritise projects within each category (Chevron 2008c)
Capital expense 
Category Priority 1 Priority 2 Priority 3
Regulatory and 
 ^ corporate
compliance and fuel 
specifications
Essential:
Regulatory or 
corporate 
requirement. Cannot 
be delayed
Recommended:
Regulatory or 
corporate requirement. 
Can be scheduled 
later.
Anticipated:
Regulatory or 
corporate 
requirement. Can 
be rescheduled.
3. Turnaround*
Essential: Cannot 
be engineered at any 
other time
No priority 2 for 
turnaround
Not essential:
Can be 
rescheduled if 
necessary
4. Infrastructure Recommended: Cost 
of upkeep or 
degradation is 
becoming 
unacceptable
Additional:
Upgrade or 
enhance working 
environment
g Equipment predicted 
replacement
2  Business 
improvement DPI(%)** >10  
Payout(m onths) <4  
ROR (%pa)*“  > 300
DPI(%) <10  and >2.5  
Payout(m onths) >4 and < 15  
ROR (%pa) < 300  and >80
DPI(%) < 2 .5  
Payout(m onths) > 15  
ROR (%pa) < 80
Reliability 
6. opportunity 
identification
7. Unpredicted failures No prioritisation required. Category projects based on necessity.
8. Special Projects Not included in the project selection matrix, more strategic in nature.
‘ Turnaround: refers to a planned shutdown of a portion of Pembroke Refinery to allow intrusive 
maintenance work to be carried out.
“ DPI = Discounted Profitability Index (the ratio between the present value of net future cash flows 
and the initial investment minus one and expressed as a percentage. A value of 0% would mean 
that the project would break even over its life time based on discounted values).
***ROR = Simple Rate of Return (Percentage of investment returned per annum).
3.2.3 Critical Review: Opportunity Identification & Selection
Here, a comparison between the capital allocation processes described in 3.2.1 and 3.2.2 
and the MCDA approach described in Table 2.4 (Section 2.2.2) is presented in order to
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investigate the extent to which capital allocation decisions within Chevron GMfg reflect 
the articulated vision for decision making for sustainable development.
In both MCOP and PPSM the early stages of the problem structuring phase -  i.e. defining 
the problem (or ‘opportunity’), identifying stakeholders and developing criteria -  are 
largely influenced by the strategic objectives outlined in Section 3.1. The submission of 
potential projects to each capital allocation process represents the generation of 
alternatives, which is the final step in problem structuring. The ranking of projects, based 
either on predefined criteria (for PPSM) or by assessing their financial value and strategic 
fit (MCOP), represents the problem analysis stage. Implementation and monitoring is then 
carried out by issuing funds and then tracking the performance of the project against the 
project estimates.
Based on this high level overview, both MCOP and PPSM can be said to resemble the 
basic structure of multiple criteria decision analysis. However, looking more closely at 
these capital allocation processes, particularly the way in which they handle multiple 
criteria, reveals that there are gaps between them and the ideal approach to decision 
making for sustainable development. These gaps are considered in the following 
subsections.
3.2.3.1 Handling Multiple Criteria: MCOP
MCOP recognises the social, environmental and economic (and technological) dimensions 
of the business and seeks to make trade-offs between them when prioritising projects. 
However, at the highest level MCOP is a three criteria approach involving (i) Compliance 
assurance; (ii) Risk mitigation; and (iii) Maximisation of strategic/financial value. All 
projects are immediately categorised according to these objectives and then subjected to 
different selection processes.
Taking this approach is understandable because it ensures that refineries remain compliant 
and high risk items are sought out and their possible consequences mitigated. It also 
means, however, that the nature of the opportunity sought by each project defines the main 
drivers for that project and this could restrict exploration of other criteria within each
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project category. This is considered further by examining the approaches taken within each 
category:
• Compliance
The approach taken to comply with legislation depends on the legislation in question and 
the authorising body. It is necessary to understand the direction being encouraged by 
legislation; this will be discussed further in Section 4.2.
• Replacement
The risk based work selection process that precedes replacement projects offers a means of 
seeking out and ranking opportunities to reduce health, safety and environmental risks. It is 
the main route for non-compliance driven HES related projects to reach the portfolio. 
Ranking takes place according to the likelihood and consequences of a hazard leading to an 
incident; it is therefore a mono-criterion approach.
• Sustain and Growth
Of the three categories, ‘sustain’ and ‘growth’ undergo the most rigorous decision process 
involving a range of criteria intended to relate directly to business drivers and stakeholder 
preferences. Although the output is a trade-off between financial and strategic values, 
numerous criteria go into defining ‘strategic f i t ’ and so this can be considered a multiple- 
criteria process, although environmental criteria are only introduced to differentiate 
between projects at the boundary of the project portfolio.
3.23.2 Handling Multiple Criteria: PPSM
At Pembroke Refinery, the capital allocation process has a strong emphasis upon single 
criteria. Once a project has been categorised, its relative importance is determined by its 
performance in the top level criteria allocated to that category. For example, financial 
metrics dominate the selection of projects categorised as ‘business improvement’ whilst 
urgency is used to prioritise projects aimed at ‘Regulatory and Corporate Compliance’ 
(see Table 3.5). Although other criteria are introduced to decide between projects 
performing similarly against the top criteria, this approach does not appear to represent the
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type of multi-criteria approach needed for sustainable development because the criteria are 
not considered simultaneously. This limited approach is known as ‘lexicographic ordering’ 
and it has been demonstrated that it can exclude projects with better environmental 
performance by eliminating projects at an early stage which, if developed properly, could 
outperform the selected alternatives in terms of the priority criteria (see Basson 2004).
The critical review presented here shows that, although both MCOP and PPSM have a 
basic structure that resembles MCDA, these capital allocation processes involve pre­
ordering of projects through categorisation and use of top level criteria. The result is a 
narrowing of decision criteria early in the capital allocation processes that is not consistent 
with the type of multi-criteria approach to decision making needed for sustainable 
development.
3.3 Project Execution
Looking back to Table 3.1, the discussion will now move to the project team who are 
responsible for making a case for their project to be accepted by MCOP and PPSM and 
also for carrying out the projects that have been approved. The process used to guide 
project teams and their decision making is applied throughout Chevron Corporation; it is 
called the Chevron Project Development and Execution Process (CPDEP, often 
pronounced “chip-dip”).
This section provides an overview of CPDEP (Section 3.3.1) and compares it to MCDA, as 
was done for MCOP and PPSM, in order to investigate how closely it is aligned with a 
decision making process suitable for sustainable development (Section 3.3.2).
3.3.1 Chevron Project Development and Execution Process (CPDEP)
CPDEP aims to ensure that the right projects are selected and that they are executed with 
excellence. A refinery workforce is responsible for carrying out CPDEP projects. The 
Research Engineer has learnt about CPDEP through an in-house training programme and 
by managing a CPDEP project focused on hazardous waste caused by hydrofluoric (HE) 
acid losses from the Alkylation Unit. He was also the key person responsible for technical
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aspects of the work in the critical decision making phases (CPDEP Phases 1 and 2, also see 
Section 5.2.2).
The phases of CPDEP are summarised in Table 3.6.
Table 3.6 -  Basic Structure of the Chevron Project Development and Execution Process (Chevron 
2010)
Phase Goals
Identify and 
1 Assess 
Opportunities
• Clearly frame the opportunity to be pursued
•  Ensure alignment w ith business objectives
•  Perform a prelim inary assessment of uncertainties, potential return and 
associated risks
Generate 
2 and Select 
Alternatives
• Generate a wide range of potential alternatives for the project
• Assess the alternatives against the project value measures and select 
the preferred alternative
Develop 
3 Preferred 
Alternative
• Fully define the scope of the preferred alternative and develop detailed 
execution plans
•  Verify that the value of the project meets the business objectives
•  Refine estimates and economic analysis to meet funding requirements
• Submit for funding approval to refinery capital planning department 
(funding will have already been secured from Chevron GMfg through 
MCOP and a final check with previous estimates is required to approve 
project execution).
. Execute 
Project
•  Complete detailed design, implement execution plan, and finalise 
operating plan
•  Collect, analyse, and share metrics and lessons learned
c Operate and 
Evaluate
• Begin operation of completed asset, and monitor performance
• Benchmark asset performance against business objectives and 
competitors, if appropriate
• Share results and lessons learned. Continue performance assessment, 
and identify new opportunities
Progress between phases is accomplished by making recommendations to decision makers, 
called the ‘Decision Review Board’ (DRB), who act as ‘gate keepers’ and have the
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authority to either: approve the project to progress to the next phase; recycle the current 
phase; or cancel the project. Approval to enter phase 2 means that the project will remain 
on the list of projects that are being ranked by PPSM and MCOP. Approval to enter Phase 
3 means that the project is firmly fixed within the Chevron GMfg project portfolio, and 
approval to enter Phase 4 is the stage at which funds are released to execute the chosen 
action.
Although all of these phases are addressed for every CPDEP project, the level of 
information gathered to support decisions to proceed is proportional to the size and based 
on the overall anticipated cost of the project. CPDEP is designed to be flexible and can be 
applied to projects from less than $250k to greater than $25m. The rank and experience of 
the DRB within the organisation varies with project value; e.g. smaller projects generally 
have a DRB composed entirely of refinery members whereas larger or strategic projects 
may have input from corporate levels of the organisation. However, no external 
stakeholders are invited to participate.
The five key principles of CPDEP are now listed and the relationship between these and 
MCDA (Table 2.4) will be considered next (Section 3.3.2):
1. Kev Value Drivers
Key Value drivers are defined as “attributes o f an opportunity or project that have the
most impact or leverage on the value o f the opportunity or project” (Chevron 2010).
Identifying and understanding stakeholders is a key element of defining value drivers
that are used to determine appropriate criteria for comparing alternatives.
2. Integrated. Multifunctional Teams
Integrated, multifunctional teams lead to the following benefits:
• Better decisions because the values of the opportunity are more 
comprehensively identified;
• Avoidance of costly re-work by getting relevant disciplines involved early;
N. Weston 43
Chapter 3 - Chevron GMfg Compared Against a Vision of Sustainable Development
• Better alternatives due to the cross functionality of the teams.
3. Communication
There is emphasis upon effective communication between project teams, stakeholders 
and decision makers in order to achieve ‘alignment’ of the project objectives.
4. Decision driven
Decision quality (DQ) is a strong feature throughout CPDEP and being decision driven 
is considered to make projects more efficient. A DQ tool is used to rank the project 
team’s progress against six criteria that are considered to be essential for making good 
quality decisions; these are shown on the decision spider in Figure 3.1.
5. Best Practices
Using best practices means benefiting from the learning path of others and is believed 
to add significant value to the project and improve decision quality. ‘Value Improving 
Practices’ (VIPs) are a type of best practice of particular relevance to this project as 
they can be used to facilitate decision making by directing focus onto a particular 
aspect of the project. VIPs will be discussed in greater detail in Section 3.4.2.
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3.3.2 Critical Review: Project Execution
The CPDEP is designed to make projects efficient and ensure actions executed capture the 
opportunity available by taking into account all of the underlying value drivers as defined 
by stakeholders. The generation of a wide variety of alternatives is encouraged, as is the 
inclusion of multiple performance measures or criteria. Thus, in principle, CPDEP is well 
aligned with the kind of multiple criteria decision making processes needed to identify 
more sustainable technologies; this is emphasised in Table 3.7 where the phases of CPDEP 
are aligned with the phases of MCDA (as given in Table 2.4 Section 2.2.2).
Table 3.7 -  The alignment between phases of CPDEP and the main elements and structure of MCDA
MCDA Stage Required step
Associated CPDEP 
Phase
Problem Structuring Define the problem
1
Identify stakeholders
Identify stakeholder values and objectives
Specify performance measures { ‘criteria)
Identify alternatives
2
Problem Analysis Analyse alternatives
Elicit preference information
Compare the consequences
Uncertainty and sensitivity analysis
Choose preferred alternative
Robustness analysis 3
Implementation & 
Monitoring
Implement the alternative 3 & 4
Evaluate the results 5
A particular similarity is the use of measures based on stakeholder interests that is 
consistent with the idea of “value-focussed thinking” (Keeney 1996), which was identified 
in Table 2.4 as good practice, characteristic of an inclusive decision process that is creative 
in its approach to the identification of alternatives.
However, of equal importance to the process itself is the way in which it is applied. The 
experience gained from running a CPDEP project, combined with feedback received from 
others at Pembroke Refinery, has lead to the following critical comments:
1. Generally, the selection is made from few alternative solutions.
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This was highlighted in discussions with a long serving process engineer and a review 
of current projects at Pembroke Refinery also supported this claim, especially in some 
circumstances where the project title cites specific equipment for upgrading. CPDEP is 
designed to handle projects with several alternatives to choose from so there appears to 
be an inconsistency between the intention of CPDEP and its application. Two reasons 
are suggested for this restrietively narrow focus in practice:
(i) Narrowing of alternatives has taken place prior to CPDEP in the project 
selection processes described in Section 3.2. This may be due to the single 
criterion used to define an opportunity.
(ii) Opportunity assessment and alternative generation phases of CPDEP are not 
being carried out in accordance with their intended purpose.
2. Criteria used to assess alternatives generally match the top level criteria in PPSM 
(Section 3.2.2).
Although the expressed purpose of CPDEP is to objectively assess an opportunity and 
consider the success of the business as a whole rather than just a particular project, 
most project managers want to see their own project succeed. As a result there can be 
an emphasis on those criteria that closely relate to the top level criteria in PPSM and 
which ultimately determine whether a project will receive funding. This could mean 
that other performance criteria are neglected, which again leads to a narrow focus that 
prevents CPDEP from being used to its full potential.
This critique suggests that the limitations of CPDEP are a result of the way it is used in 
practice, rather than the process itself. The main source of these limitations seems to be the 
emphasis upon a single criterion at the project selection stage, i.e. MCOP and PPSM, 
which is in direct contrast to the multi objective approach recommended for sustainable 
development.
Although there are decision support tools available (Section 3.4) which are intended to 
bring HES considerations into every CPDEP project to ensure that the positive and 
negative HES impacts of alternatives are taken into account, if the project scope is
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narrowed by a limited or very specific range of criteria then there is little scope for these 
tools to lead to significantly superior alternatives.
3.4 Decision Support Processes: Environmental Information
It has been considered how policies and strategic objectives are defined for Chevron GMfg 
and how they compare to a set of objectives for sustainable development (Section 3.1). The 
capital allocation processes (Section 3.2) and project execution process (Section 3.3) have 
also been compared to a decision making approach widely considered to be well suited to 
promoting sustainable development. In this section, decision support processes -  used 
throughout Chevron GMfg to account for environmental impacts of alternatives when 
making investment decisions -  are identified and consideration is given to whether they 
show evidence of life cycle thinking, which is a crucial concept for sustainable 
development (as described in Section 1.1.2).
Figure 3.3 shows how the decision support processes covered in this section relate to 
‘Operational Excellence’ (described in Section 3.1) and to each other. The decision 
processes are: Risk Management (RiskMan2, Section 3.4.1); Value Improving Practices 
(VIPs, used within CPDEP, Section 3.4.2); Environmental, Social and Health Impact 
Assessment (ESHIA, Section 3.4.3); and Environmental Performance Standards (EPS, 
Section 3.4.4). Following an outline of each process, a critical review will be presented in 
Section 3.4.5 to identify the extent to which life cycle thinking is captured by these 
decision support processes.
It should be noted that the processes to be outlined in this section do not cover all 
environmental focus areas; rather, they have been selected for review due to their 
relationship with decision processes and because they offer potential routes for 
incorporating life cycle thinking into decision making.
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(Underlined numbers indicate relevant sections for discussion).
Figure 3.3 -  Decision support processes used to identify opportunities and compare alternatives to 
improve environmental performance.
3.4.1 HES Risk Management Process: RiskMan2
OE requires that a process be in place to “comprehensively assess safety, health and 
environment risks and impacts fo r  new and modified facilities"  (Chevron 2008a). Risk 
assessments are well established in industry as a means of identifying and mitigating 
unacceptable risks, where risk is defined as the product of the potential consequences of a 
particular incident and the likelihood of such an incident occurring.
The HES risk management process, called RiskMan2, is consistent with requirements for 
ISO 14001 (ISO 2004) and aims to provide a consistent approach to risk management 
across the corporation.
When applied to existing facilities, RiskMan2 represents the RBWS process that is used to 
prioritise replacement projects in MCOP (see Figure 3.1 Section 3.2.1) and similarly when 
it is applied to future facilities it is matched up with CPDEP to support decision making at 
the end of each CPDEP phase.
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3.4.2 Value Improving Practices (VIPs)
VIPs are specific to CPDEP. They are defined as “out-of-the-ordinary practices used to 
improve cost, schedule and reliability o f capital projects" (Chevron 2004). They provide a 
means of getting project team members together to progress a particular aspect of the 
decision and check alignment with project objectives. They are often facilitated by topic 
experts. The required number of VIPs, and various other tools applied in a project, varies 
depending on the estimated financial cost of the opportunity. A review of all twelve 
available VIPs and their relevance to the EngD project has been developed with 
appropriate comments obtained from an experienced Chevron engineer (see Appendix A),
3.4.3 Environmental, Social and Health Impact Assessment (ESHIA)
The overarching aim of ESHIA is to “logically and consistently identify and address 
potentially significant project related environmental, social and health impacts" (Chevron 
2006). It is also considered an important means of managing emerging policy issues at the 
project level. The impacts considered by ESHIA are limited to those occurring in the area 
local to where the project is to be carried out, called the “project area" (Chevron 2006a).
As a project-based process, ESHIA is integrated with CPDEP and aims to improve the 
project manager’s understanding of environmental, social and health impacts, as well as 
enabling informed decisions to be made on such issues as selecting the preferred 
alternative. ESHIA is generally intended for projects valued over $25m, and any projects 
below this value must go through a pre-screening stage to check whether:
• There is an explicit requirement for more in depth assessment;
• There are any doubts as to what level of impact assessment is required;
•  There are sufficiently significant known impacts to warrant further assessment; 
and whether
• There are known or likely stakeholder concerns.
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3.4.4 Environmental Performance Standards (EPS)
EPSs aim to set consistent minimum requirements for managing the impacts that activities 
and facilities have on the environment. They were developed for upstream activities 
(exploration and production) but may, in the future, be applied throughout the Corporation. 
EPSs developed so far include flaring & venting, air emissions, waste management, and 
produced water and drilling discharge. Although none of these standards currently adopt 
life cycle approaches, they are included here as a potential means by which a life cycle 
basis could be introduced to set standards.
3.4.5 Critical Review: Decision Support Processes
There is clearly awareness across the decision support processes used in Chevron of the 
variety of ways in which the company’s activities can have an impact upon the 
environment. However, none of the decision support tools outlined in this section capture 
the full environmental impacts of decisions across material life cycles; their focus is 
generally limited to the ‘project area’, as defined for ESHIA.
It is therefore necessary to understand the reasons for not applying life cycle approaches in 
order to guide research and find suitable ways of incorporating life cycle thinking into the 
current decision support processes. It is clear from discussions with Chevron personnel, 
both at Pembroke Refinery and elsewhere within Chevron GMfg, that there is not a clear 
understanding of exactly what constitutes life cycle thinking and life cycle approaches. 
Those members of the organisation who have heard of life cycle approaches described 
concerns such as the need for high levels of resource and the lack of reliable data for its 
application; in particular, they cited a report by Argonne National Laboratories on behalf 
of the US Environmental Protection Agency (Elcock 2007) to support their views. This 
project thus has the potential to make a tangible contribution to progressing life cycle 
approaches at the refinery level and elsewhere within Chevron GMfg, which may also be 
relevant to the wider oil refining industry given the concerns raised by Argonne National 
Laboratories.
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The understanding developed of the decision support tools currently in use within Chevron 
GMfg provides useful guidance on how life cycle approaches might be suitably designed 
and integrated within existing decision making processes. Some aspects of note for further 
developments include:
• Screening stages based upon key indicators
In order to streamline the processes and utilise resources efficiently, pre-screening 
and screening stages are used. These stages are normally qualitative and relatively 
quick to complete. Using key indicators, they aim to establish the significance of 
environmental information for decision support to a particular project so that more 
in-depth evaluations are carried out only when necessary.
• Expert facilitators
Once all of the processes outlined in this section have progressed through the 
screening stages they are facilitated by experts. This means that the processes can 
be more complex in terms of the information they collect and the decision makers 
can have increased confidence in the results.
•  Structured according to CPDEP phases
The decision support processes have been designed with CPDEP in mind. This 
means that the information generated is at an appropriate level for the key decisions 
to be made within CPDEP.
3.5 Summary
This section has shown that the existing policies, strategic objectives, and processes 
associated with capital allocation, project execution and decision support have good 
alignment throughout Chevron GMfg. This in itself is an achievement to be recognised and 
it indicates that Chevron GMfg is well positioned to successfully implement changes. The 
success of Pembroke Refinery in maintaining current operations without a major safety or
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environmental incident for so many years should also be re-emphasised, because this 
demonstrates a strong commitment to sustainable operations.
However, compared to the vision of an oil refinery on a path of sustainable development, 
described in Section 2, three opportunities have been identified to promote sustainable 
development within Chevron GMfg for further examination by this EngD project.
In Section 3.1.1 it was identified that there is a strong reliance upon legislation to set 
standards and in Section 3.2.3 it was revealed that ‘compliance’ is a major driver for 
environmentally focused projects. This means that to identify opportunities to promote 
sustainable development within Chevron GMfg, the legislation that drives environmental 
performance needs to be better understood.
• EngD Project Opportunity 1: To understand the direction being encouraged by 
environmental legislation and check its consistency with a vision for sustainable 
development.
In Section 3.2.3 it was shown that capital allocation processes show the basic structure of 
MCDA; indeed, multiple criteria are already used in decision making to determine 
strategic fit but only after an initial categorisation of projects based upon very limited 
criteria. It was shown in Section 3.3.2 that narrowing of criteria in capital allocation 
processes limits the capability of CPDEP to promote the generation of a wide range of 
alternatives and to encourage their selection based upon value focussed thinking and 
multiple criteria. The outcome of this could be that individual projects do not always 
address all sustainability objectives meaning that potential opportunities to select more 
sustainable technologies are being missed.
• EngD Project Opportunity 2: To address the narrowing of criteria in capital 
allocation processes and to test how selected business projects and their outcomes 
differ when a greater number of criteria are simultaneously evaluated in the 
decision making processes.
Finally, in Section 3.4.5 it was shown that decision support processes currently in use 
throughout Chevron GMfg do not demonstrate life cycle thinking in its broadest sense;
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they do, however, provide guidance on how an approach to capturing life cycle impacts 
might look if it were to be incorporated into Chevron GMfg decision making.
• EngD Project Opportunity 3: Identify the possibilities presented by life cycle 
thinking and develop approaches to capture life cycle impacts that can be 
incorporated into Chevron GMfg decision making.
Each of these opportunities to promote sustainable development within Chevron GMfg 
highlights a different point of intervention through which a lasting change could potentially 
be achieved. The first opportunity suggests that legislation could be a key driver for 
sustainable development, so the standards set by legislation need to be compared with the 
principles for sustainable development. The second suggests that a more complete multiple 
criteria decision process is needed to capture a wider array of criteria when prioritising 
projects. The third suggests that life cycle thinking needs to be adopted in decision support 
processes to give decision makers a more holistic understanding of the consequences of 
their decisions.
Each of these opportunities will be discussed further in Section 4 in order to present the 
rationale for identifying a ‘point o f intervention’ considered suitable for this EngD project.
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4. Identifying a Suitable Point of Intervention
This chapter presents a discussion on the selection of points of intervention for this 
research project in response to the three EngD project opportunities outlined in Section 3. 
Section 4.1 considers how change could be effected within Chevron GMfg and Section 4.2 
considers how change could be effected by identifying and addressing any misalignment 
between relevant environmental legislation and principles for sustainable development. 
After considering these two avenues for promoting sustainable development, within the 
overall project constraints, the chosen direction for the project will be discussed in Section 
4.3.
4.1 Chevron GMfg Decision Processes
In Section 3 it was shown how a review of the hierarchy of decision processes from policy 
(The Chevron Way, OE) through strategic objectives { ‘zero incidents’, ‘zero injuries’, 
‘number 1 in competitive performance’) and project prioritisation (MCOP, PPSM) to 
project execution (CPDEP) and decision support (ESHIA, RiskMan2, EPS and VIPs) 
revealed that:
1. Chevron GMfg gives the protection of people and the local environment utmost 
priority within its corporate principles and strategic objectives;
2. These principles translate into a well developed hierarchy of decision processes that 
are designed to handle multiple criteria;
3. Inclusion of environmental criteria in project prioritisation is mainly confined to 
projects driven by compliance or corporate risk assessments. Where projects are not 
driven by compliance or risk, environmental criteria tend to be used to aid project 
prioritisation only when economic and strategic criteria are inconclusive;
4. The full potential of the ‘Chevron Project Development and Execution Process ’ 
(CPDEP) to handle multiple criteria may not always be realised when a narrow 
range of criteria dominate the higher capital allocation decision processes;
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5. In-house decision support processes focus mainly on site impacts to the
immediately surrounding area -  they do not encourage life cycle thinking in a 
spatial sense (although it should be noted that ‘life cycle costs’, relating to the 
displacement of financial costs across time, are considered).
Based on these findings, it is suggested that there are two potential points of intervention to 
promote sustainable development at Pembroke Refinery.
The first is to further investigate the high level project prioritisation processes -  MCOP 
and PPSM -  to understand why they are set up in their current form and to seek ways to 
include environmental criteria in the earlier stages so that they are considered in the 
prioritisation of a wider array of projects.
The second is to develop a new decision support process, potentially in the form of a value 
improving practice (VIP), which would allow project teams to assess the life cycle impacts 
of project alternatives.
During the work it became apparent that MCOP is managed from a corporate level and, 
although fora are available for organisation-wide discussion of MCOP, this means the 
research had limited access to process owners and certain sensitive documentation. In 
particular, initiating a corporate level review of MCOP would have required access to 
corporate wide project files to identify whether, for example, a framework involving more 
extensive environmental criteria could have generated different decision outcomes to those 
selected within the existing framework; this access was not available.
At the refinery level, the PPSM has been designed to ensure that Pembroke Refinery meets 
its regulatory and corporate obligations, maintains reliable operations, and spends any 
remaining capital on generating additional revenue. This approach was justified on the 
basis that refineries operate at low levels of profitability and so need to maximise revenues 
from capital investment (Compliance projects normally consume 60 -  80% of available 
capital); therefore there was little interest in changing this approach to capital allocation.
A further aspect that makes intervention at the project prioritisation phase unsuitable for 
achieving the aims of this EngD project is that this type of intervention would be too
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‘Chevron specific’. In other words, although pursuing a rethink of project prioritisation 
processes might promote sustainable development within Chevron GMfg, the findings 
might not be relevant to the wider oil industry where different project prioritisation 
processes are in use.
The development of a life cycle based decision support tool thus provides a more feasible 
approach for promoting the principles of sustainable development, which might be relevant 
throughout the oil refining industry and could be readily adopted by Chevron GMfg and 
other refining organisations if it was designed with their specific requirements in mind. 
This sets the basis for the ‘bottom-up ’ approach that has been was subsequently adopted by 
this EngD project.
The critical review of decision support tools in use within Chevron GMfg (Section 3.4.5) 
provides some useful guidance on key aspects of current decision processes that could be 
incorporated into any decision support tool developed by this project such as:
• Screening stages based upon key indicators to ensure efficient use of resources;
• Use of expert facilitators, particularly for larger projects; and
Structured phases according to CPDEP to ensure that the right level of 
information is generated to support the relevant stage in the decision process (or 
‘project’).
The review of VIPs, provided in Appendix A, suggests that there are several opportunities 
to integrate life cycle thinking into projects through existing decision support tools.
If life cycle based environmental stewardship were considered a business need, then it 
would form a strategic objective and the Project Functional Objectives VIP would enable 
the consideration of life cycle environmental aspects throughout all projects. In the current 
situation, where this is not the case (as discussed in Section 3.1), the key points for 
intervention are through the ‘Technology Selection’ and ‘Value Engineering -  Facility 
Optimisation’ VIPs, which offer the potential to introduce environmental criteria and their 
evaluation on a life cycle basis into projects. Furthermore, the presence of a VIP such as
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‘Process Reliability and Availability Modelling ’ indicates that it is not unusual for a VIP to 
involve an in-depth simulation, which suggests that there may be a possibility to introduce 
LCAs using spreadsheets or specialist LCA software.
It is clear from this review that development of a life cycle based decision support tool 
offers a suitable means of intervention to promote sustainable development within 
Pembroke Refinery, and also has the potential for adoption by the wider industry. 
However, it is also the case that, without suitable criteria at the higher project prioritisation 
level, there would be little incentive for project teams to adopt life cycle based approaches 
to support their recommendations to decision makers. Given the constraints on this EngD 
project and the necessity for the project outcomes to be relevant to the wider industry, it is 
apparent that environmental legislation might offer greater potential to drive improvements 
at a higher level and that such a change cannot be sought through Chevron GMfg’s project 
prioritisation processes. Generally, environmental legislation is an important driver for 
projects throughout the oil refining industry and also commands a high proportion of 
capital investment. Thus, to enable work to pursue opportunities to promote sustainable 
development through environmental legislation, it was necessary to become familiar with 
key legislation that drives projects at Pembroke Refinery and to identify the extent to 
which this legislation currently embraces principles of sustainable development. The 
literature review has been extended to understand the current framework for environmental 
legislation applicable to Pembroke Refinery.
4.2 Legislation
There are 57 separate pieces of environmental legislation recorded on Pembroke 
Refinery’s legal register that are said to be directly applicable to its activities. This 
legislation covers a wide range of issues including environmental permitting, waste, air 
pollution, nuisance and hazardous substances. There are a further eight pieces of 
environmental legislation listed as indirectly applicable, meaning that, although the 
Refinery is not required to comply with these regulations, it is affected by them because 
they influence policies and requirements made by regulators.
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It is not necessary to review all of this legislation here. Many of the pieces relate to 
continuing operations, which are handled through day-to-day environmental management 
systems (e.g. UK 1990; UK 2005; UK 2006; UK 2006a; UK 2007; UK 2010) and are 
therefore not relevant to this project. Some of the others are highly specific and would only 
have occasional relevance to capital investment projects (e.g. UK 1993; UK 2000; UK 
2009). However, there are several that relate to process technologies used by the Refinery 
and regularly have led, or will lead, to capital investment projects involving the technology 
selection decisions that are the focus of this EngD project; these pieces of legislation will 
be considered further in Section 4.2.2.
Before reviewing any specific legislation, it is important to consider the principles upon 
which it is based. This has been considered from the level of the European Union (EU), 
which is the source of so much of the legislation that now affects Pembroke Refinery 
(Section 4.2.1).
4.2.1 European Environmental Policy
This review of environmental policy within the EU only includes the high level principles 
upon which environmental legislation is based, in order to provide appropriate background 
for discussion of specific pieces of legislation to be considered in Section 4.2.2. A  review 
of the various mechanisms by which policy translates into legislation is beyond the scope 
of this project, since it is focused on how legislation influences project decisions at oil 
refineries rather than the policy or legal processes that develop or amend legislation.
In Article 3 of the Treaty on European Union (EC 2010) it is stated that:
“The Union shall establish an internal market. It shall work fo r  the sustainable 
development o f Europe based on balanced economic growth and price stability, a highly 
competitive social market economy, aiming at fu l l  employment and social progress, and a 
high level o f  protection and improvement o f  the quality o f  the environment. It shall 
promote scientific and technological advance. ”
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(The bold font highlights references to principles of sustainability and shows how the 
concept of sustainable development within the EU relates to the model presented in Figure 
1. 1).
Sustainable development is referred to again in Article 21 of the same treaty as follows:
“The Union shall define and pursue common policies and actions, and shall work fo r  a 
high degree o f cooperation in all fields o f international relations, in order to:
(f) help develop international measures to preserve and improve the quality o f  the 
environment and the sustainable management o f  global natural resources, in 
order to ensure sustainable development"
In the Treaty on the Functioning of the European Union (EC 2010a), Article 11 states:
“Environmental protection requirements must be integrated into the definition and 
implementation o f the Union’s policies and activities, in particular with a view to 
promoting sustainable development."
In specific relation to the natural environment it is stated within Article 191, under title XX 
(twenty) of the Treaty on the Functioning of the European Union that:
“Union policy on the environment shall contribute to pursuit o f the following objectives:
- preserving, protecting and improving the quality o f the environment,
- protecting human health,
- prudent and rational utilisation o f natural resources,
- promoting measures at international level to deal with regional or worldwide 
environmental problems, and in particular combating climate change.
Union policy on the environment shall aim at a high level o f protection taking into account 
the diversity o f situations in the various regions o f the Union. It shall be based on the 
precautionary principle and on the principles that preventive action should be taken, that
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environmental damage should as a priority be rectified at source and that the polluter 
should pay y
The principles established within this text, and highlighted in bold font, are the 
fundamental principles upon which environmental legislation is based; they are more 
commonly referred to as:
•  The precautionary principle, which is concerned with the need to mitigate uncertainty
over the potential hazards of a technology before it can be applied;
• The preventative principle, which states a preference for environmental impacts to be 
prevented or reduced at the source;
• The proximity principle, which advocates that waste should be disposed of or managed 
close to the point at which it is generated; and
•  The polluter pays principle, which seeks to ensure that the party responsible for causing
pollution is made responsible for the costs incurred from damage to the natural
environment.
Throughout these passages, extracted directly from the treaties upon which the EU is 
based, there is a strong emphasis upon the desire to ensure sustainable development 
through economic, social and environmental measures. This sets the foundation, at a 
European level, for the key pieces of environmental legislation that are subsequently 
translated into UK regulations with direct consequences for Pembroke Refinery.
4.2.2 Environmental Legislation Driving Technology Selection
It has already been highlighted that environmental legislation affects Pembroke Refinery in 
many different ways and requires different actions to maintain compliance. For this EngD 
project, where the focus is upon drivers to promote improvements in environmental 
performance and the extent to which the associated measures of performance embrace life 
cycle concepts, the pieces of legislation described in the following subsections were 
considered to be of greatest relevance.
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4.2.2.1 Integrated Pollution Prevention Control (IPPC) (EC 2008)
IPPC is perhaps the most pervasive environmental legislation that affects Pembroke 
Refinery. It captures all refinery operations and covers emissions to air, water and land as 
well as a range of other environmental effects to ensure an "‘integrated environmental 
approach'''’ to achieve a "high level o f protection fo r  the environment as a whole'" (DEFRA 
2009).
A core principle in the application of IPPC is to achieve a fair balance between 
environmental protection and the costs of implementing measures to mitigate 
environmental impacts. This principle is embodied in the definition of ‘Best Available 
Technique ’ (BAT), which is as follows (EC 2008):
‘“Best available techniques' means the most effective and advanced stage in the 
development o f activities and their methods o f operation which indicate the practical 
suitability o f particular techniques fo r  providing in principle the basis fo r  emission limit 
values designed to prevent and, where that is not practicable, generally to reduce 
emissions and the impact on the environment as a whole:
(a) ‘techniques’ shall include both the technology used and the way in which the 
installation is designed, built, maintained, operated and decommissioned’
(b) ‘available techniques’ means those developed on a scale which allows 
implementation in the relevant industrial sector, under economically and 
technically viable conditions, taking into consideration the costs and advantages, 
whether or not the techniques are used or produced inside the Member State in 
question, as long as they are reasonably accessible to the operator;
(c) ‘best’ means the most effective in achieving a high general level o f protection o f the 
environment as a whole."
BAT is an important concept because it sets the environmental basis upon which refineries 
must justify the selection of new technologies. As such, it is important for this project to
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understand the real effects that this legislation has and the approach required by regulators 
to ensure that BAT is implemented,
IPPC is enforced in the UK by the Environment Agency (EA), and the equivalent bodies in 
the devolved administrations, who issue refineries with a permit to operate when they have 
adequately demonstrated that they can meet minimum requirements in terms of their 
environmental management system and that they are committed to continually improving 
their environmental performance through continuing reviews and implementation of BAT.
4.2.2.2 Large Combustion Plant Directive (LCPD) (EC 2001)
The LCPD specifically targets emissions of sulphur dioxide (SO2), nitrogen oxides (NOx) 
and particulate matter to the air from Large Combustion Plants (LCPs) (DEFRA 2008). 
LCPs are defined as combustion installations, either individually or with a common stack, 
that have a rated thermal output exceeding 50 MW. LCPD is therefore relevant to many of 
the boilers and heaters at Pembroke Refinery.
Within the LCPD a distinction is made between "existing" and "new" LCPs based on 
whether the original operating licence was granted before or after July 1987. New LCPs 
must meet strict, concentration-based emission limit values (ELVs) in order for the EA to 
grant a permit to operate. For existing LCPs there are several options available:
1. To comply with the concentration-based ELVs for ‘new ’ plants;
2. To operate within the emissions trading scheme (ETS) under the National 
Emission Reduction Plan (NERP); or
3. Commit to limit operations to no more than 20,000 operational hours between 
January 2008 and December 2015.
NERP and ETS were set up in the UK as part of the implementation of the LCPD through 
‘The Large Combustion Plants (National Emission Reduction Plan) Regulations 2007’ 
(UK 2007a). These regulations provide a mechanism for operators that have opted to 
participate in NERP to trade emission ‘allowances’ for SO2, NOx and particulates. An 
initial allowance is allocated to each LCP based on previously recorded emissions rates
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(based on mass flows). Then, if an LCP is expected to exceed this limit, the operator must 
purchase additional allowances from another participant who has a surplus, or make 
technological or operational changes to reduce its own emissions. Likewise, if an operator 
expects its LCP to emit less than its initial allowance, it can sell the surplus to others. Over 
time, the initial allocation, which is recalculated annually, will be reduced thereby reducing 
nationwide emissions through technological improvements where it is economically 
efficient to do so.
LCPD overlaps with IPPC to a certain extent because IPPC also regulates emissions of 
SO2 , NOx, and particulates from combustion plants through BAT. According to guidance 
from the EA and other regulatory bodies in the UK, " if BAT fo r  a given process is tighter 
than the standards set by the LCPD, then BAT will be applied' (EA et al. 2009).
4.2.2.3 European Union Emissions Trading Scheme (EU ETS) (EC 2003)
In 2003 a greenhouse gas emissions trading scheme was set up to promote the reduction of 
greenhouse gas emissions throughout Europe, in response to commitments made under the 
Kyoto Protocol. The scheme became operational in the UK in 2005.
The mechanism for emissions trading is similar to NERP since it seeks to promote 
emissions reductions at the margin where it is economically efficient to do so. This is 
achieved by issuing a total emissions allowance (called the ‘National Allocation Plan', 
NAP) that is less than the nationwide total emissions; the scheme then gives an operator 
the option to purchase additional allowances from other participants who have a surplus or 
to implement measures to reduce emissions if it is more cost effective to do so.
Over time, the scheme will move through phases that reduce both the initial allocation of 
allowances and the total available, thereby creating greater incentives for all operators to 
reduce greenhouse gas emissions. The likely challenges that this scheme will pose for the 
oil refining industry in the UK are explored in greater depth by Holmes (2008).
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4.2.2.4 Clean Fuels and Biofuels
Since 1970 there has been European legislation aimed at reducing the harmful effects of 
emissions from motor vehicles. Gradually the legislation changed focus from vehicle 
emissions, such as carbon monoxide and hydrocarbons (EEC 1970) and black smoke (EEC 
1972), to fuel composition -  with an initial emphasis on sulphur content (EEC 1975).
A raft of legislation was subsequently passed that mainly targeted sulphur and lead content 
of fuels. The latest incarnation of this legislation came into force in 2003 (EC 2003); it 
specifies maximum and minimum levels for petrol and diesel fuel properties (such as 
octane/cetane number, vapour pressure and density) and content (such as specific 
hydrocarbons, oxygen, oxygenates, sulphur and lead). There is also legislation that covers 
the sulphur content of heavier fuels produced by refineries (EC 1999), which was extended 
to include marine fuels from 2010 (EC 2005).
Perhaps more than any other, environmental legislation in this area has affected Pembroke 
Refinery’s operations and led to substantial investment in additional processing units 
(notably hydrotreaters that are used to extract sulphur from various product streams). 
Projects developed in response to such legislation can be so costly that corporate levels 
directly intervene in decision making. These projects are considered to be strategic because 
target markets or crude selection are redefined.
The latest developments in this legislation focus upon the life cycle impacts of fuel. 
Legislation has been promulgated to ensure that a certain amount of ‘renewable transport 
fu e l' is present in transport fuels supplied to the UK (UK 2007b) where the term means 
(UK 2004):
‘‘(a) biofuel;
(b) blended biofuel;
(c) any solid, liquid or gaseous fuel (other than fossil fu e l or nuclear fuel) which is 
produced—
(i) wholly by energy from  a renewable source; or
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(ii) wholly by a process powered wholly by such energy; or
(d) any solid, liquid or gaseous fuel which is o f a description o f  fuel designated by an
renewable transport fuel order as renewable transport fu e l;”
An amendment to this legislation in 2009 gives specific targets for the stepwise
introduction of renewable fuels into transport fuels with the aim of achieving 5.2632%
(volume basis) by April 2013 (UK 2009a).
Legislation of this nature is also being considered at a European level with proposals tabled 
to amend the existing directive on fuel quality (EC 2003) in which the European 
Commission state their goal of achieving a minimum of 10% biofuels in transport fuels by 
2020 (EC 2007). This proposal also covers revised specifications for fuel used by inland 
waterway vessels.
4.2.2.S Sustainable Consumption and Production
In a communication issued in July 2008 (EC 2008), the Commission of the European 
Communities state that the "need to move towards more sustainable patterns o f  
consumption and production is more pressing than ever". The communication presents the 
strategy of the Commission to support an integrated approach in the EU to further 
sustainable consumption and production and to promote its sustainable industrial policy.
This strategy covers a fairly wide range of subjects such as product design, consumer 
awareness, incentives to improve the environmental performance of products and the 
development of consistent data and methodology to assess the environmental performance 
of products.
Of particular relevance to this project is the language around ‘Leaner Production', such as;
“The regulatory framework fo r  production processes is well established at the European 
level. This includes regulatory setting such as on environmental emissions from  industries 
(IPPC Directive) and the Emissions Trading Scheme fo r  GHG. However, there is a need to 
give fu rther impetus to resource efficient and eco-innovative production processes, to
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reduce dependency on raw materials and to encourage optimal resource use and  
recycling. ”
and ‘Boosting resource efficiency', such as:
“Further tools will be developed to monitor, benchmark and promote resource efficiency, 
taking into account a life cycle perspective and including trade. Detailed material-based 
analysis and targets will be addressed at a later stage, based on environmental 
significance and on access to natural resources. ''
Although these policies are at a very early stage of development, they indicate that the EU 
will seek to do more to protect the environment than is currently being achieved through 
existing legislation. Furthermore, they indicate that measurements of environmental 
performance will take a life cycle perspective.
This review of the principles behind environmental legislation in Europe and the 
subsequent pieces of legislation affecting refineries in the UK suggests the following:
Achieving sustainable development is at the forefront of EU policy and as 
legislation develops it will progressively include more stipulations intended to 
promote sustainable activities;
Over the last 40 years, the focus of environmental legislation has shifted from 
encouraging end-of-pipe solutions to incorporating improvements to avoid the 
problem upstream. In fuels-related legislation this focus area has now expanded to 
the whole life cycle. This path of development follows the widening scope of 
industrial pollution control from ‘single medium control' to ‘sustainable 
development' described by Nicholas et al. (2000).
Facility based legislation, i.e. IPPC, LCPD and EU ETS, continues to focus on site 
specific emissions. However, there are signs that more will be done in this area and 
life cycle based approaches may be invoked to promote resource efficiency.
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4.2.3 Possible Means for Legislators to Promote Life Cycle Thinking
The findings presented in 4.2.2 reveal that, although it is increasingly on the agenda, life 
cycle thinking is not fully embedded in environmental legislation and different types of 
legislation apply inconsistent approaches to allocating responsibility for environmental 
impacts. The result is that decision makers are not required to take into account the full 
impacts of their decisions. If life cycle thinking is to become a principle for new 
environmental legislation, as suggested by the communication document on Sustainable 
Consumption and Production, then legislators face the challenge of attributing life cycle 
impacts to various operators and implementing a consistent approach to take these impacts 
into account.
Possible elements of a legislative framework based on life cycle thinking are:
•  A means of defining the dominant agent in supply chains in order to allocate 
responsibility for environmental impacts resulting from activities in their supply chain. 
For example, Sim (2006) and Clift (2010) demonstrate how governance relationships 
controlling supply chains can affect the distribution of benefits among actors on the 
supply chain and could therefore be used to develop a methodology to monitor and 
regulate the distribution of social benefits in supply chains.
• A standard approach to performing life cycle assessments that is ratified by industry 
and provides guidance on, for example, how to calculate potential impacts, where to set 
system boundaries, and what impact categories are most relevant. A precedent for this 
is the use of SANGEA (2011), which is an emissions estimating system approved by 
the American Petroleum Institute and used throughout the oil and gas industry. The 
Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation model 
(GREET 2011), developed by the Argonne National Laboratories, offers a potential 
first step, but it is intended for well-to-wheel impact assessments so further work is 
needed to develop approaches that can be used for technology selection at oil 
refineries; this is an opportunity pursued by this project.
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•  Independent oversight of the assessments carried out by the dominant agents to ensure 
they are doing all that can reasonably be expected to reduce environmental impacts on 
a life cycle basis. In the UK, the EA might be a suitable body for providing this 
oversight, although it would need to work in collaboration with bodies across the EU to 
maintain a level playing field. Alternatively, if self regulation is preferred, then 
Concawe, who have already published studies into the life cycle impacts of a variety of 
fuels, might provide oversight.
If the adoption of life cycle thinking leads to concerns that industry will relocate to other 
parts of the world where the regulation is less comprehensive (often referred to as 
“leakage”) then border taxes could be applied to restore a level playing field (Ismer and 
Neuhoff, 2007).
4.3 Resultant Project Focus
In Section 4.1 it was suggested that the EngD project was not well situated to develop a 
critique and identify opportunities to change project prioritisation processes, i.e. MCOP 
and PPSM, within Chevron GMfg: focusing at such a high level in the organisation would 
make the outcomes too ‘Chevron specific', preventing them from being immediately 
relevant or readily transferable to other organisations. Therefore the project was focused on 
development of life cycle based decision support tools that could be adopted by project 
teams at oil refineries and would be more easily transferable throughout the industry. 
However, it was acknowledged that, without the higher impetus from MCOP or PPSM to 
drive life cycle thinking within projects, life cycle based decision support tools are unlikely 
to be used by project teams.
An alternative route for addressing this absence of impetus from a higher level, which was 
identified in Section 3.5 as an opportunity to be pursued by this EngD project (see EngD 
Project Opportunity 1), is the legislative framework in the EU and some key pieces of 
legislation affecting refineries in the UK. A review of this legislation was presented in 
Section 4.2. Based on the results, it was noted that the direction being encouraged by 
legislation is not yet consistent with a vision for sustainable development because the
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principle of life cycle thinking is not embedded in the legislation, so decision makers are 
not required to take into account the full impacts of their decisions. The situation is 
changing; the drive for sustainable development at the policy level is leading to tighter and 
more wide ranging environmental legislation, with life cycle perspectives increasingly on 
the agenda, even for transport fuels, leading to proposals for life cycle thinking to become 
integrated into facility based legislation. Some views on how this might be achieved were 
given in Section 4.2.3 and a key point raised is that tools are needed for operators to 
quantify the life cycle impacts of their decisions.
Together, these reviews lead to two points of intervention that could be pursued in this 
project:
1. The development of a life cycle based decision support tool that can be 
incorporated into projects at the refinery level;
2. A deliverable to inform the ongoing debate in the area of sustainable consumption 
and production in the EU, specifically with regard to:
a. The scale of opportunity presented by life cycle based approaches at oil 
refineries;
b. The form in which life cycle approaches could be applied at oil refineries 
and other large manufacturing facilities; and
e. The extent to which life cycle approaches can lead to different decision 
outcomes compared with the existing site specific approaches that dominate 
facility based environmental legislation.
The advantages of pursuing these points of intervention are:
•  The project outcomes would be relevant throughout the oil refining industry and 
potentially other sectors that include large scale manufacturing facilities;
•  The ‘bottom-up’ approach would make the project outcomes more readily adopted;
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• Life cycle approaches could be developed and tested using real case studies at 
Pembroke Refinery
The work carried out in pursuit of these points of intervention is presented in Section 5, 
which begins with an outline of the standard LCA methodology (Section 5.1), before 
outlining the specific work carried out both to develop the approach and to understand its 
potential benefits to an oil refinery (Section 5.2).
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5. LCA as a Potential Tool for Use at Oil Refineries
Life cycle thinking was introduced in Section 1.1.1 as a key concept in the paradigm of 
sustainability. In Section 4 it was suggested that the uptake of life cycle based decision 
support tools within refineries could help them to progress along a path of sustainable 
development. However, an initial requirement is that suitable methodologies need to be 
developed and tested to show that the application of life cycle thinking is possible and 
worthwhile (Section 5.2). As introduction, an overview of standard life cycle assessment 
methodology is presented in Section 5.1.
5.1 Life Cycle Assessment (LCA): Overview
There are several decision support tools available that take a life cycle approach; they are 
all described by Wrisberg et al. (2002) in more detail than is included here. The most 
comprehensive of these tools is LCA.
SET AC (Allen et al. 1997) define LCA as “a process to evaluate the environmental 
burdens associated with a product, process, or activity by identifying and quantifying 
energy and materials used and wastes released to the environment; to assess the impact o f 
those energy and material uses and releases to the environment; and to identify and 
evaluate opportunities to effect environmental improvements”
The main activities in a LCA are specifying the goal and defining the scope of the study, 
quantifying the flows that are exchanged with the environment, assessing the impact of 
these flows and interpreting the results to aid decision makers. These activities are 
recognised by an international standard ISO 14040 (ISO 1997) and its subsequent update 
in 2006 (see Figure 5.1). Each of the LCA features is outlined briefly in the subsections 
that follow.
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Figure 5.1 -  Methodological phases in a LCA (ISO 1997)
5.1.1 Goal and Scope Definition
LCAs can be complex and potentially subjective, which means that clear direction and 
transparent methods are required to produce defensible results. The aim of the goal and 
scope definition stage is to provide this direction (what decision needs to be made?) and 
transparency (why and how is the LCA being carried out?). Some specific activities that 
are carried out at this stage are described in the following subsections.
5.1.1.1 Setting the System Boundary
There are different types of system boundaries that need to be set. According to Baumann 
and Tillman (2004), these include:
• Boundaries in relation to natural systems: When does a flow enter and leave 
human control?
• Geographical boundaries: What regions or countries are relevant to the 
decision?
• Time boundaries: What time horizon is important to the decision?
• Boundaries within technical systems: Should the system include:
■ Capital goods, such as the inclusion of emissions from the 
manufacture of machinery?
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■ Other product life cycles (see allocation in Section 5.1.1.4)?
A further distinction within the system boundary can be made between Foreground and 
Background processes. Clift et al. (2000) provide a useful delineation of the two:
• Foreground: “the set o f processes whose selection or mode o f operation is 
affected directly by decisions based on the study ".
• Background: “all other processes which interact with the Foreground, usually 
by supplying or receiving material or energy. ”
5.1.1.2 Defining the Functional Unit
An important feature of LCA is that it relates impacts to a reference figure based on the 
function of the product or service. For example, if calculating life cycle CO2 emissions for 
petrol then the outcome would be ‘grammes CO 2/litre petrol produced’ for a refinery but 
‘grammes C02/passenger-km ’ for the end consumer.
Expressing impacts with reference to a functional unit enables different products and 
processes that provide the same function to be directly compared. Another benefit of this 
approach is that it focuses decision makers on the function of the decision outcomes and 
this can lead to creative alternatives being identified.
5.1.1.3 Inventory Analysis
This phase concentrates on the physical exchange between the product life cycle and the 
environment in terms of emissions and extractions, e.g. tonnes SO2 emitted (Bouman et al.
2000). Clift et al. (2000) refers to these exchanges as “environmental interventions”. In the 
chemical processing industries the inventory analysis can be likened to an extended mass 
balance that goes beyond the unit operations to the limits of the system boundary. An 
important methodological step during inventory analysis is ‘allocation’.
5.1.1.4 Allocation
An allocation problem arises when a process within the life cycle fulfils one or more 
functions in addition to that required for the system under study (Ekvall and Finnveden
N. Weston 74
Chapter 5 - LCA as a Potential Tool for Use at Oil Refineries
2001). The question that is asked is: “How much o f the emissions and extractions 
associated with this process should be allocated to the function in the system under 
study?” Rules for allocation are provided in the ISO standards and this is also a subject of 
continuing debate in the LCA methodological development community.
5.1.2 Impact Assessment
When all relevant environmental interventions have been accounted for, ‘impact 
categories’, e.g. global warming, acidification, depletion of stratospheric ozone, are 
selected that indicate the variety and extent of effects these interventions have on the 
environment (Clift et al. 2000). The interventions are converted to impacts in a process 
called characterisation.
5.1.3 Characterisation
Environmental interventions are converted into impact factors using ‘characterisation 
factors’ which express specific impacts for each substance emitted (e.g. kg CO2 equivalent 
per kg greenhouse gas emitted) (Hauschild 2005). The characterisation factors are based on 
the manner in which the emissions impact on the environment, calculated using 
‘characterisation models’ (Pennington et al. 2004). For example, the contribution to 
climate change is measured in terms of the radiative forcing of the emissions, while human 
and ecotoxicity effects are based on fate and exposure models. A decision maker has to 
rely on the models used even though they may not be familiar with the calculations. 
However, it is important to recognise that LCA indicators are used for quantifying impact 
potential rather than actual impacts and thus represent impacts at only a very general or 
abstract level. This is as far along the cause-effect chain as scientific analysis can go; 
further analysis or aggregation requires a further step.
5.1.4 Weighting and End vs Midpoint Indicators
Weighting is used to make comparisons across impact categories and can lead to a single 
aggregated metric to be used to indicate overall performance; this is intended to make the 
results easier to use by a decision maker. Clift et al. (2000) point out that weighting can be
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a controversial issue because it is based on social, political and ethical values. However, 
information on different types of impacts can also be aggregated in terms of impact 
indicators that are closer to issues that people are more familiar with and about which they 
can more readily express preferences. Such aggregated results can be referred to as 
‘damage factors’ or ‘end-point indicators’; examples include monetised damage costs 
(Clift et al. 2000) or health impacts measured as disability adjusted life years (DALYs) 
(Huijbregts et al. 2005). If  environmental impact indicators are taken from some other 
point on the cause, i.e. environmental interventions, and effect, i.e. damage factors, chain 
then they are called ‘mid-point indicators’. There is much discussion in the LCA 
methodological development community on the relative merits of mid-point and end-point 
indicators.
5.1.5 Interpretation
The final phase of LCA represents the assimilation of the results into a decision making 
process. This phase might include sensitivity analysis and a check that the study met the 
stated goals.
5.2 Potential Use of LCA at Oil Refineries
Having outlined the framework that is used to conduct an LCA, attention now turns to its 
potential application to support decisions at oil refineries. In particular, it needs to be 
established whether:
1. There are real opportunities for LCA to guide decision outcomes different from 
those reached using only site specific assessments (Section 5.2.1, also see 
Section 5.3); and
2. Available LCA methodologies are suitable for use as decision support tools at 
refineries (Section 5.2.2).
These issues have been considered by treating Pembroke Refinery as a test-bed so that 
conclusions can be drawn from actual refinery data from specific case studies. The first 
case study involved a project to reduce hazardous waste from the Refinery’s Alkylation
N. Weston 76
Chapter 5 - LCA as a Potential Tool for Use at Oil Refineries
Unit and “went live” in November 2008. The second case study involved an options 
appraisal for boiler technologies that was required to maintain compliance with 
environmental permitting regulations.
The investigations and findings in relation to each of the issues are in standalone reports or 
academic papers, which can be found in the appendices. These appendices summarise the 
bulk of the technical contribution made by the EngD research project and it is the intent 
that these be read in turn next. However, to provide background and to indicate the 
contribution each of these has made to the research development and outcomes, the reports 
and papers contained in the appendices are discussed in the following subsections.
5.2.1 Scale of Opportunity: Scoping LCA to Identify When Life Cycle Approaches 
are required for Technology Selection
The aim of this part of the work, set out in Appendix B, was to provide an indication of the 
nature, location and scale of opportunities presented by life cycle thinking in order to 
investigate the extent to which oil refineries could benefit from adopting life cycle 
approaches. An important aspect of this study is the system boundary, which was defined 
to include the ‘foreground’ processes over which decision makers at refineries can have 
the most influence and also the ‘background’ processes that support them. In particular, 
this study provided some quantification of indirect ‘background’ environmental impacts 
arising from refining activities, which are not traditionally considered in site specific 
decision support tools, and a discussion of their significance.
Through this study, it was found that impacts from background processes are likely to be 
most significant for projects which affect product quality (e.g. sulphur concentration in 
diesel) and electricity use. Life cycle approaches are thus essential to evaluate technologies 
which affect these aspects. Compared to impacts from foreground processes, the impacts 
from production of ancillaries (with the exception of electricity) and management of waste 
materials are not substantial. So it is unlikely that LCA is needed for decisions concerning 
production of ancillary materials or management of wastes unless the focus is solely on
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waste management or selection of ancillary materials or on a specific substance to reduce 
its release to the environment.
Although these findings are based on a study that only considered emissions to air, they 
highlight the importance of LCT and LCA in drawing decision makers attention to the 
wider impacts of their decisions thus enabling them to avoid shifting burdens from one part 
of the life cycle to another. It is therefore concluded that decision makers need techniques 
at their disposal to identify and quantify background impacts and it is recommended that 
these techniques be applied using a wide range of impact categories (i.e. not just those 
associated with air emissions) to identify significant foreground and background processes.
By doing this scoping LCA study, it has been possible to provide specific advice on when 
Refinery decision makers should consider the full life cycle impacts of alternatives (albeit 
based on the consideration of impacts associated with air emissions only). In so doing, 
rather than running the risk of life cycle approaches being seen as an additional burden on 
all projects, the study is expected to promote the better uptake of life cycle thinking and 
life cycle approaches at the refinery level. That said, it would be important to repeat the 
study for a wider range of impact categories to determine whether these conclusions hold 
or whether the range of decisions where LCA is required needs to be extended. Of wider 
relevance, the approach used has potential to be developed further into a scoping 
methodology for determining the system boundaries for the evaluation of alternatives in 
technology selection decisions for manufacturing activities. Therefore, in addition to 
making a practical contribution to the uptake of life cycle thinking and adoption of life 
cycle approaches at the Refinery, this study has made a contribution to methodological 
development for streamlined life cycle assessment.
5.2.2 Case Study: Reduce Hazardous Waste from an HF Alkylation Unit
Having established a tangible benefit from adopting life cycle thinking, it is necessary to 
understand the techniques available to capture life cycle impacts, collectively called ‘life 
cycle approaches’ (LCA being an example of a more extensive life cycle approach), and to 
determine whether they could be suitably applied by project teams at oil refineries.
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The relevant appendices -  C, D and E -  all relate to a case study concerned with a 
hazardous waste stream containing fluorides that was produced by the Refinery’s 
Alkylation Unit.
Performing the project work associated with this case study allowed direct exposure to 
refinery level decision processes (especially CPDEP; see Section 3.3.1) and enabled the 
application of standard LCA methodology to be tested for its compatibility with the 
Pembroke Refinery approach to projects. Identifying areas where the standard LCA 
methodology was not considered suitable as a decision support tool at an oil refinery, in 
conjunction with a literature review on more streamlined techniques, guided the 
development of a new streamlined approach to LCA designed for the specific requirements 
of oil refineries.
The work covered by each of the papers is summarised here:
Appendix C: Assessment o f Cleaner Process Options: A Case Study from  Petroleum 
Refining.
This Appendix describes methodological decisions that need to be made when applying 
LCA to compare waste treatment alternatives. It serves as an introduction of LCA to the oil 
refining industry and the chemical engineering community. In particular, it explores the 
challenges of defining system boundaries for the evaluation of different types of changes to 
a process, and the implications for stakeholder engagement and data gathering to develop 
life cycle inventories. The case study demonstrates some of the less familiar challenges 
introduced by the ‘pollution prevention’ or ‘clean technology’ paradigms of chemical 
processing.
Appendix D: Life Cycle Assessment o f the Treatment o f  Hydrofluoric Acid Losses from  an 
Oil Refinery Alkylation Unit.
This Appendix describes the application of LCA to an existing waste management route to
(i) demonstrate the benefits of a life cycle based analysis, (ii) provide a basis for 
comparison of alternative waste management strategies and (iii) identify the barriers to and
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difficulties associated with incorporating life cycle approaches into standard refinery 
practice.
Appendix E: Streamlined Life Cycle Approaches fo r  Use at Oil Refineries and Other 
Large Industrial Facilities.
By considering the methodological aspects discussed in Appendix C, the barriers to the 
uptake of LCA at oil refineries identified in Appendix D, and a wider literature review of 
life cycle approaches to address these barriers, this Appendix describes a new technique, 
developed in this EngD project, to streamline life cycle approaches and demonstrates the 
application of LCA to aid the selection of a waste management route for the fluoridic 
waste stream.
The streamlined LCA applied is a intended for use at an early stage in projects. Project 
teams are encouraged to identify components of existing processes that cause a significant 
proportion of life cycle impacts (called ‘hot-spots’) and then identify alternative 
technologies that address these components; thereby having the potential to substantially 
reduce the overall environmental impacts of the process. The extent of life cycle impacts 
addressed by each alternative are approximated using a scoring mechanism that is intended 
to simplify comparisons between alternatives and provide an early indication of options 
with high potential to reduce life cycle impacts. It is anticipated that this methodology 
could facilitate the uptake of life cycle thinking at oil refineries, with potential applications 
at other large industrial facilities.
Together, these three papers describe a substantial body of work that has sought to identify 
and address the methodological issues with life cycle approaches that have hindered their 
uptake in the oil refining industry.
The streamlined LCA developed is compatible with the key elements of decision support 
tools currently in use at Chevron GMfg (described in Section 3.4.5), which means that it 
could be readily accepted within the current decision making structure. Specifically, these 
elements were:
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• Screening stages based upon key indicators to ensure efficient use of resources
• Use of expert facilitators
• Structured according to CPDEP phases
By first carrying out analysis of the existing system to identify ‘hotspots’, the project team 
can focus their efforts on finding alternatives that tackle the high impact process flows. 
This offers some basis for ‘screening’ alternatives, that is closely associated with the early 
stages in a risk assessment where assessors initially determine which risks carry sufficient 
significance for more detailed assessment.
The streamlined LCA developed is intended for use by process and project engineers 
without requiring expert facilitators. However, the approach is scalable, so for larger 
projects it is possible that expert roles could be developed to provide project support.
By distinguishing between the opportunity identification (CPDEP Phase 1) and alternative 
generation and comparison (CPDEP Phase 2) the approach is aligned with CPDEP, as 
indicated. As such it could be easily integrated into existing decision making processes.
5.2.3 Summary of Work on the Potential Use of LCA at Oil Refineries
The work presented in this section and described in more depth in Appendices B, C, D and 
E has shown that life cycle thinking can offer tangible benefits to decision makers at oil 
refineries: life cycle impacts can be captured by project teams for comparing alternatives 
using a relatively simple technique that is fundamentally an extension of mass balance 
principles.
The technique developed is designed for adoption by Pembroke Refinery because it has a 
structure similar to many of the decision support tools currently in use. However, it was 
noted in Section 4.3 that provision of a suitable decision support tool alone would be 
unlikely to drive the adoption of life cycle approaches; further encouragement is needed 
from refinery management and corporate levels. This project focuses on life cycle thinking 
in environmental legislation, which has been identified as a key influence on refinery 
management and corporate priorities.
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Section 5.3 describes work carried out as part of a second case study, which specifically 
concentrates upon technological change at Pembroke Refinery that has been driven by 
environmental legislation.
5.3 Case Study: The Role of LCA in Defining Best Available Techniques
The first case study involved a waste stream where the majority of processing takes place 
outside of the refinery gates; it therefore lends itself to LCA and provides little indication 
of the broader relevance of life cycle approaches to oil refineries. In addition, the first case 
study does not involve the more significant background impacts that were identified in the 
background report (Section 5.2.1) such as electricity use and fuel produced. This case 
study, presented in detail in Appendix F, addresses these issues because it focuses on the 
fuel oil system, which is both an integral part of the refinery and an exported product.
The key question that is addressed by the work presented in Appendix F is:
“Do decisions that incorporate life cycle thinking lead to different outcomes compared to 
decisions that are driven by current environmental legislation?”
Three different approaches to determining BAT are compared: (i) One used at Pembroke 
Refinery and accepted by the Environment Agency (EA) to achieve regulatory compliance; 
(ii) A general one recommended by the (EA) for all refineries; (iii) A novel one suitable for 
all industries using a streamlined LCA methodology developed as part of this EngD 
project.
By carrying out an assessment of technological options, required by IPPC, this case study 
provided sufficient scope to further test the streamlined LCA methodology used in the first 
case study. It also links this work with concerns, noted in Section 4, that current legislation 
does not appear to incorporate life cycle thinking and is consequently misaligned with 
sustainable development.
By contrasting the conventional approach to evaluating the environmental impacts of 
technologies endorsed by regulators with this novel one that has its foundation in life cycle 
thinking (using the streamlined LCA methodology described in Section 5.2.3), it was
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found that: (i) life cycle approaches can affect decision outcomes at refineries; and (ii) 
current environmental legislation can lead to decision outcomes that may not be 
environmentally beneficial when the system boundary is extended. These findings support 
those of Nicholas et al. (2000) and Geldermann et al. (1999), who have promoted the case 
for life cycle approaches to be integral in the determination of ‘Best Available Techniques’.
5.4 Promoting Sustainable Development through LCA
The work presented in this section was carried out in response to the following 
opportunities identified in Section 4.3:
1. The development of a life cycle based decision support tool that can be 
incorporated into projects at the refinery level;
2. A deliverable to inform the ongoing debate in the area of sustainable consumption 
and production in the EU, specifically with regard to:
a. The scale of opportunity presented by life cycle based approaches at oil 
refineries;
b. The form in which life cycle approaches could be applied at oil refineries 
and other large manufacturing facilities; and
c. The extent to which life cycle approaches can lead to different decision 
outcomes compared with the existing site specific approaches that dominate 
facility based environmental legislation.
By comparing Pembroke Refinery’s ‘background’ impacts with its ‘foreground’ impacts, it 
has been established that there is a real opportunity for life cycle thinking to capture 
environmental impacts that have not traditionally been accounted for in more site specific 
approaches to impact assessment; the quantification of some of these background impacts 
fulfils the requirements of Opportunity 2(a).
The development and application of a novel technique for performing streamlined LCA, 
which addresses the concerns of the oil refining industry and has its basis in standard life
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cycle approaches, demonstrates that such approaches can successfully be applied in a form 
that is accessible to project teams working on refinery level projects. This work fulfils 
Opportunities 1 and 2(b).
Finally, a critique of the existing approaches to determining BAT, which are not based on 
life cycle thinking, has shown that life cycle thinking can lead to different decision 
outcomes than those that result from current environmental legislation. This fulfils 
Opportunity 2(c) and highlights the need for a review of existing legislation according to 
the principles of sustainable consumption and production.
Altogether, this work presents a compelling case for the greater uptake of life cycle 
thinking in the oil refining industry to promote sustainable development. It also provides a 
suitable approach to capture life cycle impacts that could easily be adopted at oil refineries, 
with potential relevance elsewhere.
N. Weston 84
Chapter 6 - Discussion and Conclusions
6. Discussion and Conclusions
This project aimed to enable more sustainable technological solutions to be identified in 
the oil refining industry. To achieve this aim, the work has addressed certain key questions, 
which guide the structure of this discussion.
‘Are oil refineries on a path o f  sustainable development?’ (Section 6.1)
‘How can oil refineries contribute to sustainable development? ’ (Section 6.2)
‘Can Life Cycle Assessment (LCA) be used to help oil refineries become less 
unsustainable?’ (Section 6.3)
Overall conclusions are drawn in Section 6.4.
6.1 Are Oil Refineries on a Path of Sustainable Development?
In Section 2 it was recognised that ‘identifying more sustainable technological solutions’ 
requires an organisation to have suitable management systems to be in place from policy to 
project execution. Initially, an organisation must recognise the limits to its operations 
arising from the need for social acceptability, the ecological carrying capacity of the earth, 
and the availability and affordability of technological solutions. Next, these limitations 
must be translated into strategic objectives with defined means of achievement. Finally, 
decision making processes need to be in place that enable project teams to understand the 
consequences of their decisions in relation to all strategic objectives; these processes need 
to be underpinned by life cycle thinking.
Working through these requirements and assuming that Chevron GMfg reflects the wider 
industry, some findings have been reached that answer the question of whether oil 
refineries are on a path of sustainable development.
The first and most important observation regarding oil refineries is that they form part of a 
supply chain that relies on non-renewable crude oil and inevitably leads to emissions of 
greenhouse gases. This means they function outside of the renewable resource base and
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carrying capacity of the earth and are thus inherently unsustainable. Despite this, oil 
refineries will play an important role in the global transition to sustainability and so 
defining ways for the industry to become ‘less unsustainable’ remains an important 
contribution for this project.
It is clear that, at a strategic level, there is an acknowledgement of the social, 
environmental, and economic responsibilities of the industry and strategic objectives are 
defined in association with each of these dimensions of sustainability. However, this 
recognition is less evident in parts of the company concerned with day-to-day operations. 
As the conversion of these objectives into more specific project drivers is explored, it 
becomes apparent that there is a strong dependence on legislation to set standards. The 
possibility of the industry to beeome more sustainable is therefore heavily reliant upon the 
direction set by legislation.
Moving to decision making processes, there is evidenee of the type of multiple criteria 
approach that is needed to simultaneously work towards strategic objectives covering all 
dimensions of sustainability. At the project execution level in particular, there are 
advanced approaehes to dealing with multiple criteria, but their effectiveness is limited due 
to the restrictive nature of the higher, capital allocation processes that ultimately determine 
whether a project can proceed. Part of the issue is that environmental legislation demands 
such a large portion of available capital that there is a tendency to separate ‘compliance ’ 
projects and to spend the remaining capital on projects that generate strategic or financial 
value. This, again, points to the importance of legislation in defining standards and driving 
changes in the oil refining industry.
Finally, there is no evidence of life cycle thinking underpinning decisions in the oil 
refining industry, except where it has been applied by law makers (e.g. in clean fuels and 
biofuels legislation). Only environmental impaets local to the facility are considered by 
decision makers through risk or impact assessments. The main principle in legislation to 
promote the consideration of environmental impacts when seleeting technologies is BAT, 
but at present in the UK this does not require impacts to be considered formally or
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systematically on a life cycle basis. Future legislation, aimed at promoting sustainable 
consumption and production, appears likely to address this shortcoming.
Overall, oil refineries are not on a path of sustainable development. There is clearly an 
awareness of their responsibility within each dimension of sustainability, but there is a lack 
of life cycle thinking and an inconsistent approach to setting standards in each dimension 
with some being driven internally and others externally by legislation. Addressing the gaps 
therefore requires either internal motivation to set higher standards, or greater legislative 
pressure to drive change; these are considered further in the next section.
6.2 H ow  Can Oil R efineries Contribute to Sustainable D evelopm ent?
Answering this question requires: (i) ‘areas o f misalignment’ between current practices 
and those required for sustainable development to be identified; and (ii) suitable ‘points o f  
intervention’ to be found that offer opportunities to address this misalignment.
Continuing from Section 6.1, two key areas of misalignment are:
1. The narrowing of decision criteria early in the capital allocation processes, which 
prevents projects from simultaneously working towards all strategic objectives; and
2. The lack of life cycle thinking underpinning decisions, which means that ‘problem  
shifting’ can occur.
Changing a large multinational organisation’s policy in these areas represents a major 
undertaking because both areas are embedded within the decision making processes that 
are applied throughout the organisation. There are two distinct approaches to identifying 
points of intervention for initiating change in an organisation: the ‘top-down’ approach, 
where new policy is defined based on high level studies; and the ‘bottom-up’ approach, 
where the application of new techniques provides evidence of their value.
With regard to the first area of misalignment, capital allocation processes are defined at a 
high level in an organisation and experimenting with new approaches would affect large 
amounts of capital expenditure. Alteration of these processes is not suited by a results-led.
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bottom-up approach. For this reason, the EngD project did not seek to address the 
narrowing of decision criteria early in the capital allocation processes.
For the second area of misalignment, given that it is possible to make direct comparisons 
between decision outcomes that apply life cycle thinking with those that do not, the 
promotion of life cycle thinking lends itself to a bottom-up, results led, approach. 
Consequently, this area of misalignment was pursued in the EngD project. Publishing the 
results of this work and performing a critique of existing environmental legislation also 
supports arguments that new legislation, which is such an important driver of change in the 
industry, should promote the uptake of life cycle thinking via a top-down approach.
Although this discussion suggests that change can be initiated from a low level in the 
organisation or through legislation, an organisation can only achieve the requirements for 
sustainable development if it drives them internally, from the top. Relying on legislators to 
set standards is reactive and leaves room for application of lower standards than intended.
6.3 Can L ife Cycle A ssessm ent (LCA) B e U sed to H elp Oil R efineries B ecom e  
Less U nsustainable?
Although, in principle, the adoption of life cycle thinking should lead to decision outcomes 
that are more sustainable, a case needs to be made on empirical grounds. It is in this area 
that the EngD project has taken a concept, adapted it to meet the needs of industry and 
shown that its application is not only practical but also of real value, leading to different 
decision outcomes than would have otherwise been reached.
The deliverables in association with this work -  a study showing the potential value of 
LCA; the application of LCA techniques; the development of a novel approaeh to LCA; 
and a comment on the need for legislation to change -  show what can be aehieved when 
industry is engaged in the development of new concepts and techniques. Before this project 
there was no available evidence of an individual refinery exploring the life cycle impaets 
of its activities and decisions; there were only reasons why life cycle approaches were not 
considered practical. By addressing these concerns and demonstrating the results, this 
project has been able to generate greater interest in life cycle thinking at the Refinery and
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acknowledgement of its benefits. This is consistent with the bottom-up approach. Based on 
the work carried out in this project, LCA does offer the potential to help oil refineries 
become less unsustainable. However, continued application of the approaches developed is 
needed to build up more experience and a more compelling case. The extent to which LCA 
can help will only be known when it is applied on a routine basis. The streamlined 
approach developed in this project will encourage further application of the tool.
6.4 C onclusions
For the oil refining industry to identify more sustainable technological solutions, it must 
first recognise the constraints within which it operates and then develop suitable decision 
making processes and decision support tools to take these constraints into account.
In particular, the industry needs: (i) decision making processes that take into account a 
wide array of criteria when comparing alternatives and identifying new opportunities; and
(ii) life cycle approaches that allow the full consequences of their decisions to be taken into 
account.
With regard to these requirements, this project has shown that:
• At the project execution level, deeision support processes encourage the inclusion 
of multiple criteria covering all dimensions of sustainability; however, due to a 
simplified, compliance-based approach to project prioritisation, individual criteria 
can determine whether projects are implemented.
•  Life cycle thinking is not evident at the refinery level or in environmental 
legislation driving technology selection; the result is that decisions are being made 
without a full appreciation of their impacts and so do not enable sustainable 
development. LCA should at least be applied on projects that affect product quality 
and electricity use.
• Life cycle approaches can be adapted to meet the needs of this industry; this has 
been demonstrated by this project, which has made a methodological contribution
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to LCA through the development and application of a novel streamlined LCA 
approach.
Besides identifying these key requirements, it is important to consider how change can be 
initiated. The ideal model for change is one where the industry taekles these challenges 
internally through a top-down approach. However, in the absence of such an approach, 
change can be driven through a results led, bottom-up approaeh. In turn, these results can 
inform legislation, which is a strong driver for change in the oil refining industry. Based on 
the current model, if system wide improvements in environmental performance are to be 
made then legislation must adopt life cycle approaches; so the challenge that remains is:
‘Can legislation be designed to drive the adoption o f life cycle thinking and promote 
thinking that considers the system-wide consequences o f choices to enable the sustainable
development o f oil refineries?’
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Appendix A A Review of Value Improving Practices (VIPs)
VIP D efinition Selection  Criteria C PD E P
Phase
R elevance to E ngD  project C om m ents by C hevron E ngineer
Project 
Functional 
Objectives 
(RFC) or 
Classes of 
Facility Quality
A structured process that defines specific functional 
objectives for the facility based on business needs. 
Characteristics such as capacity, life, product quality, 
flexibility, expandability, reliability, etc. are agreed with 
decision makers.
Recommended on ALL projects to 
align project team with business 
objectives
2 Introducing characteristics that focus upon 
relevant environmental aspects would enable 
their consideration to be integrated throughout 
the project. This would only be driven through the 
establishment of a relevant business need.
One of the more commonly used VIPs
Technology
Selection
A formal systematic process by which a company 
searches for technology outside of the company (or, in 
some instances, in other divisions within the company) 
that may be superior to that currently employed.
Alternate technologies are available 
There are significant benefits in new 
technology
Future position in market can be 
enhanced
Risks and rewards for new technology 
are understood
2 Directly relevant to EngD project aims since it 
deals with technology selection. This VIP is 
essentially a multi-criteria decision analysis tool 
that establishes criteria and aims to make trade­
offs between them. Providing relevant 
environmental/social criteria could be one route 
to integration of project goals.
On refinery projects there is rarely a real 
range of technologies to choose between, 
and this VIP can be out of touch with 
external factors that might influence the 
final technology selected. Usually done as 
a quick scoring & weighting exercise.
Value
Engineering -
Process
Simplification
A disciplined analytical method for reducing investment 
costs-and often operating costs as well—by combining or 
eliminating one or more unnecessary process steps. This 
VIP uses the traditional Value Engineering methodology 
(Functional Analysis) to focus on process steps rather 
than individual equipment.
Project involves large number of 
process steps
There are alternative options for 
performing process function
2 In its current format this tool is not directly useful. 
However, the principle that a system can be 
broken down into its main process steps and that 
each of these can be assessed for its functional 
importance is relevant. If environmental criteria 
(especially life-cycle approaches) were applied in 
the optimisation then perhaps a VIP such as this 
could be used to rethink initial flow schemes.
Involves taking items out of the flow sheet, 
which often need to be put back in. In many 
cases the units are owned by licensors and 
so there is little scope to challenge their 
expertise anyway.
Value
Engineering -
Facility
Optimization
A disciplined method used during design, often involving 
the use of an internal or external V.E. consultant, aimed at 
eliminating or modifying items that do not contribute to 
meeting business needs. V.E. is a creative and organized 
method for optimising the cost and performance of a 
facility. It is a function-oriented, systematic approach to 
eliminate and prevent unnecessary costs. The purpose of 
a V.E. study is to improve decision making and obtain 
lowest life-cycle cost without reducing quality.
Capital investment is a key driver 3 See above. As well as eliminating “unnecessary 
costs” such an approach might be used to 
eliminate “unnecessary environmental 
exchanges”
See above
Design-to-
Gapacity
The heart of this VIP is choosing how much allowance 
should be added to each system or major piece of 
equipment to meet business requirements, to set the 
lowest practical over-design factors to minimise excess 
capacity. Different equipment types or parts of the plant 
may be built to different levels of conservatism.
A complex process with a number of 
process steps
Equipment costs represent a major 
portion of total project cost
Future expandability is critical
Significant cost increase of major 
equipment as capacity increases
2 ,3 Taking into account the life-cycle of a process is 
an important concept environmentally. For 
example, building a hydrotreating unit to remove 
sulphur from product fuel to meet specifications 
may allow for more stringent regulations in the 
future and/or allow additional capacity to avoid 
the need for additional facilities.
Done as a matter of course in design 
engineering, e.g. adding extra 10% duty to 
heat exchangers.
Predictions of future demands feed into all 
project designs.
Energy
Optimization
A simulation methodology for optimising life cycle costs by 
examining power and heating requirements for a particular 
process. The objective is to maximise total return based 
on selecting the most economical methods of heat and 
power recovery.
Project is a significant energy 
consumer
Alternate designs exist that can 
reduce energy consumption
Project is integrated into a larger 
facility
Project is associated with significant 
greenhouse gas emissions
2 The ultimate result of improved energy efficiency 
is less burning of fossil fuels; however these 
savings can be offset as capacity increases or if 
burdens are shifted elsewhere. A simulation 
methodology may lend itself well to more 
extensive studies; specifically life-cycle 
approaches. This VIP may therefore be useful to 
achieving the EngD project goals, although its 
current focus is too narrow.
Energy optimisation is something that has 
always been sought, although its priority is 
strongly influenced by energy prices.
Refinery wide studies into energy 
efficiencies (e.g. pinch studies) have been 
carried out.
Work is being done with an external 
contractor to identify more energy efficient 
modes of operation.
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VIP D efinition Selection Criteria CPD EP
Phase'
R elevance to E ngD  project Com m ents by C hevron E ngineer
Waste
Minimization /
Pollution
Prevention
An approach to evaluate process designs, facilities, and 
operating practices to identify environmental impacts and 
wastes and propose alternatives to minimise them. The 
VIP helps check for adequacy of planned waste handling 
mechanisms and highlights process, design, or 
operational changes that might reduce environmental 
impacts and the toxicity or quantity of waste generated.
Project generates significant waste or 
other emissions
Project is environmentally driven or 
located in environmentally sensitive 
area
Project is located where appropriate 
waste handling infrastructure is 
insufficient
2 Already focused upon environmental 
considerations so may provide the most suitable 
avenue for the integration of the methodology 
developed in the EngD project. Could be 
modified by extending the system boundaries, 
essentially making it a life cycle approach.
Not many processes on site actually 
generate waste; hydrocarbons are 
redirected to other units, or in the extreme 
case, burned as fuel.
It would be interesting to apply this VIP 
when a relevant project arises, but as yet 
there are no examples available.
Process 
Reliability & 
Availability 
Modelling
Process reliability and availability modelling is a generic 
term used to describe a simulation that uses deterministic 
and probabilistic data to model the efficiency of an asset. 
Based upon quantifiable or agreed Reliability, 
Maintainability, and Operability data, the model defines 
expected Production Efficiency or Utilization.
Project drivers are: Reliability; 
Maintainability; Availability; 
Operability; Production; or Efficiency/ 
Utilisation.
2,3 Improved reliability and maintainability of a 
facility will itself reduce life-cycle environmental 
impacts. This VIP demonstrates that in depth 
simulation programs are used and may open up 
the possibility of LCA software.
There is a major drive underway at the 
refinery to ensure this is carried out for all 
projects.
Project
Standards
Engineering standards and specifications can affect 
manufacturing efficiency, product quality, operating costs 
and employee safety. This VIP ensures correct standards 
are applied.
Project life cycle cost is the key driver
There is flexibility in standards and 
specifications that need to be applied
2 There is a separate investigation into Chevron 
standards regarding environmental impacts, i.e. 
Environmental Performance Standards (EPS, 
Section 3.4.4).
A single set of site standards are applied to 
every project to ensure safety, reliability, 
efficiency and consistency.
Constructability Analysis of the design, usually performed by experienced 
construction personnel, to reduce cost or schedule and 
improve safety in the construction phase.
Construction safety is important
Congested plant layout
Require special lifting arrangements
Complex plant for construction or 
constructed during a plant turnaround
2, 3,4 May provide an opportunity to consider possible 
wastes generated during construction, thereby 
contributing to a reduced life-cycle impact of a 
new facility/technology.
Very important process carried out on most 
projects.
Predictive 
Maintenance / 
Reliability 
Centred 
Maintenance
An approach to preserving facility system function 
involving development of equipment maintenance 
strategies. Once the maintenance strategies are 
developed, specific maintenance tasks and monitoring 
practices are developed based upon documented and 
traceable decisions of what should be done, why and by 
whom.
Project involves rotating equipment or 
machinery
Reliability and availability are key 
project drivers
3 Poor maintenance of equipment over its 
operating life cycle can cause incidents and 
severe environmental impacts
N/A
3D CAD Extensive use of 3D Computer Aided Design (CAD) during 
PEL and detailed engineering. The objective is to model 
the project in the computer to reduce the frequency of 
dimensional errors and spatial conflicts that cause design 
changes during construction. The use of 3D CAD also 
improves visualisation for operations input and training.
Project is a Greenfield or stand alone
Project involves significant revamps 
where the benefits of creating a 3D 
CAD model of the existing facility 
(using e.g. laser imaging) is cost 
effective
2, 3,4 Not applicable to project goals N/A
'G uide to CPD EP phases: Phase 2 = G enerate & Select A lternatives, Phase 3 = D evelop P referred  A lternative, Phase 4 = Execute
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Appendix B -  Scoping LCA o f Refinery Background Impacts
Scoping Life Cycle Assessment to Evaluate Pembroke 
Refinery’s Background Impacts and Identify When Life 
Cycle Approaches are Required for Technology Selection
Summary
Sustainable development requires organisations to examine the implications of their 
decisions arising beyond their own boundaries. This represents a significant departure from 
business-as-usual in terms of the scope of alternatives considered and can have substantial 
strategic, technological and financial ramifications. At issue is the following:
‘Under w hich circum stances is it essential to consider the fu l l  life cycle im plications
o f  ac tiv ities? ’
This document presents a scoping Life Cycle Assessment (LCA) study for a range of typical 
projects led by teams at Pembroke Refinery. It compares the extent of the impacts from 
resource use and emissions under the direct influence of the Refinery (i.e. impacts associated 
with ‘fo reg ro u n d ’ processes) to those from resource use and emissions associated with but 
distant from the Refinery (i.e. impacts associated with ‘background’ processes). The projects 
are then revisited in the light of the results to demonstrate how the findings can help project 
teams to determine when project alternatives should be compared on a life cycle basis.
The comparison leads to conclusions regarding the importance of adopting life cycle 
approaches. Impacts from background processes are likely to be most significant for projects 
which affect product composition and volume (e.g. extent of fuel oil export) and electricity 
use. Life cycle approaches are thus essential to evaluate technologies which affect these 
aspects. Compared to impacts from foreground processes, the impacts from production of 
ancillaries (with the exception of electricity) and management of waste materials are not 
substantial. So it is unlikely that LCA is needed for decisions concerning production of 
ancillary materials or management of wastes unless the focus is on waste management or 
selection of ancillary materials or on a specific substance to reduce its release to the 
environment.
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1 Introduction
Environmental impact assessments traditionally capture the impacts of emissions 
directly produced by a manufacturing facility. However, sustainable development 
requires organisations to look beyond their own boundaries to determine the full 
implications of their decisions, which in turn requires life cycle thinking. This can 
represent a substantial departure from business as usual in terms of the scope of 
alternatives considered and the evaluation of their impacts; it could have strategic, 
practical and financial ramifications. At issue is the following:
‘Under w hich circum stances is it essential to consider the fu l l  life cycle 
im plications o f  refining activ ities? ’
In order to answer this question, a scoping Life Cycle Assessment (LCA)^ has been 
applied to several operations at Pembroke Refinery to compare the extent of the 
impacts from resource use and emissions under direct influence of the Refinery (i.e. 
impacts associated with ‘fo reg ro u n d ’ processes, adopting the terminology common in 
LCA) to those from resource use and emissions distant from the Refinery but directly 
or indirectly associated with its operations (i.e. impacts associated with ‘background’ 
processes). This comparison leads to conclusions regarding the importance for project 
teams at Pembroke Refinery to adopt life cycle approaches (i.e. consider both 
foreground and background in a structured impact assessment process) when 
assessing the environmental impacts of operations and selecting new technologies.
The ISO 14040 (ISO 2006) stepwise approach to LCA was followed and informs the 
structure of this report. This approach involves defining a goal & scope (Section 2); 
performing an inventory analysis (Section 3); assessing impacts (Section 4); and 
interpreting the results (Section 5). Conclusions are presented in Section 6.
 ^ A ‘scoping LCA’ is generally applied at very early stages in a decision making process. It is a 
streamlined version of a standard LCA typically applied with the intention of identifying areas of 
potential significance to direct a subsequent more complete and rigorous LCA.
I
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2 Goal & Scope
2.1 Goal
The goal of the scoping LCA was to determine when full life cycle studies, 
considering all life cycle stages, would provide relevant additional information to aid 
operational decisions and technology selection at Pembroke Refinery.
2.2 Scope
Processes that represent the ‘foreground’ and those that represent the ‘background’ 
vary depending on the particular decision being made. This study aimed to provide 
general guidance on when to include impacts associated with background processes, 
so it was necessary to identify which processes would typically form part of the 
background. To achieve this, the processes that lead to material exchanges with the 
environment and are affected by refining operations were identified (Section 2.2.1) 
and a range of technology selection decisions made at Pembroke Refinery were 
defined (Section 2.2.2). Processes directly or indirectly affected by this range of 
decisions and involving resource use and emissions outwith the Refinery were then 
selected for inclusion in the background (Section 2.2.3).
2.2.1 System boundary
Figure 2.1 shows the system boundary included in the scoping LCA, distinguishing 
between the material exchanges with the environment { ‘raw materials’ and 
‘emissions’) that are traditionally related to the Refinery’s operations and those that 
are traditionally related to support processes.
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Thick arrows indicate flows that are traditionally considered in refinery decisions; thin arrows indicate flows related to 
support processes, which would be captured using life cycle approaches.
Figure 2.1 - Extended system for oil refinery operations showing material exchanges with the 
environment throughout the life cycle
The flows that are traditionally related to the Refinery’s operations are those that enter 
and leave the Refinery itself and are normally associated with processes in the 
foreground. They include:
• Crude and Intermediates from Upstream Processes: Any imported material 
that becomes embodied in the final products;
• Ancillary materials and utilities: Materials and energy consumed in operating 
the Refinery (e.g. catalysts, caustic, fuel and electricity);
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Products to Market: Petroleum products sold to the market (e.g. gasoline, 
diesel, fuel o if and sulphur);
Raw Materials: Water and air are the only raw materials that are directly fed to 
the Refinery (water is included here rather than under ‘utilities’ because water 
pre-treatment is carried out on the Refinery);
• Emissions: Includes emissions to air, from the Refinery’s stacks, and 
discharges to water, from the Refinery’s processes;
• Waste: unwanted products that cannot be used at the Refinery (e.g. spent 
catalyst and spent caustics). Some of these streams can be recycled for use at 
the Refinery or as a feedstock to another industry (for an example of the latter, 
see Weston et al. 2008 or Appendix D of this portfolio).
The flows shown using thin arrows are generally distant from the Refinery and are not 
traditionally related to the Refinery’s operations; these flows are typically inputs to 
and outputs from processes in the background. Before deciding which background 
processes to include in the scoping LCA (see Section 2.2.3), it was necessary to 
determine which processes are normally affected by decisions made at Pembroke 
Refinery.
2.2.2 Levels of Technology Selection Decisions Made at an Oil Refinery
To enable a distinction to be drawn between decision types, two features describing 
the decision context are used: the ‘level of change’ and the ‘level of decision maker’. 
These features are represented in Figure 2.2, which refers to the specific case of a 
project to reduce carbon dioxide (CO2) emissions from a Fluid Catalytic Cracking 
Unit (FCCU).
 ^A feature of an oil refinery is that it consumes a certain amount of its fuel oil and fuel gas products to 
provide energy for steam generation and distillation. Therefore a certain fraction of upstream imports 
can be classed as utilities.
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Figure 2.2 - The relationship between ‘levels of change’ and ‘levels of decision maker’. Example 
included for reducing CO2 emissions from a Fluid Catalytic Cracking Unit (FCCU)
The first feature, ‘Level of Change’, describes the level of undertaking that could 
result from a decision in terms of the physical changes to the plant; this scale can be 
associated with the levels of change required to produce a particular product by a 
cleaner route, recognised by Allen (1997) as:
1. Minimise arisings of waste and effluent and consumption of energy within an 
essentially unchanged process;
2. Modify the process or technology to use the same materials but more 
efficiently and with less energy;
3. Redesign the process completely and change the input materials.
A point of particular relevance to technology selection at oil refineries is ‘lock-in’ to 
past technologies that constrains the paths of development -  i.e. the Refinery decision 
makers are typically limited in the extent of change they are able or willing to 
consider, due either to the range of alternatives available given the installed 
technologies and current plant configuration and/or the prohibitive cost of changes to 
technologies and plant configuration. This suggests that Refinery level decision 
making will always be associated with incremental rather than radical change.
5
Appendix B -  Scoping LCA o f  Refinery Background Impacts
The second feature, ‘Level o f  D ecision M a ker’, refers to the levels of an organisation 
and beyond that can have some influence on the decision being made and shows that 
as the level of change increases -  which is characterised by a greater number of 
alternatives, stakeholders and higher costs -  so the level of decision maker moves to 
more superior positions along the scale.
It should be noted that these features have been represented as continua, rather than 
discrete levels, because they may not always be directly aligned as shown. For 
example, a ‘re tro fit’ project to introduce flare gas recovery could represent a greater 
undertaking than a ‘rep lacem ent’ of a waste management route and may therefore 
involve higher levels of decision makers.
Further examples of typical Refinery based projects to clarify the levels of change are 
provided in Table 2.1; in this Table, the ‘level o f  decision m a ker’ indicates the point 
in the organisation at which engineers exercise the greatest influence on technology 
selection. The projects presented were selected through dialogue with the Projects 
department at Pembroke Refinery and also by reviewing the proposals in the Refinery 
BAT Reference document for improving the environmental performance of a refinery 
(EC 2003, also see Appendix F); an outline of each project/decision is provided in 
Annex A.
It is apparent from Table 2.1 that the levels of design at which engineers from 
Pembroke Refinery (represented by ‘opera tions’ and ‘local fa c i l i ty ’) play a dominant 
role in the technology selection process are operational changes, process retrofits and 
some process replacement projects. Decisions that affect these levels of change have 
thus been selected as the scope of decisions for consideration in this study.
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Table 2.1 -  Examples of projects at refineries including typical alternatives categorised 
according to their level of change and level of decision maker
Project / Decision Types of Alternatives Level of Change Highest Level of Decision Maker
Reduce emissions from flaring Operational discipline* Operational Operations
Recover fiare gases Retrofit Local facility
Increase sulphur recovery unit 
capacity
Replace process Local facility
Reduce emissions from furnaces Operational discipline Operational Operations
Upgrade burners Retrofit Local facility
Downstream abatement Retrofit Local facility
Improve refinery efficiency** Various Various
Replace fuel oil with natural gas Retrofit Local facility
Select higher quality crude oils Replace process Corporate
Reduce emissions from FCCU (see Figure 2.2)
Meet tighter waste water 
discharge specifications
Operational discipline Operational Local facility
Increase capacity of waste water 
treatment plant
Retrofit Local facility
Install final treatment stages (e.g. 
ultrafiltration)
Replace process Local facility
Reduce waste management costs Operational discipline Operational Operations
Select alternative waste 
management process
Replace process Local Facility
Design changes to reduce waste 
generation
Retrofit Local facility
Meet tighter product specifications Increase hydrotreating capacity Replace process Local facility
Select higher quality crude oils Replace process Corporate
Increase proportion of biofuels Replace product Society
Increase high value products Fuel oil recovery and conversion Replace process Local facility
Reconfigure refinery Replace process Corporate
Select new target markets Replace product Corporate
Increase crude flexibility Increase hydrotreating capacity Replace process Local facility
‘Operational discipline includes such practices as: effective maintenance programmes, operating within optimal parameters, 
minimising process upsets and minimising lo s se s  (e.g . steam  leaks).
“ Efforts to boost efficiency include operational discipline (operational/operations) and increased heat integration (retrofit/local facility), 
and extend to flare gas  recovery (see  ‘reduce em issions from flaring’) and Combined Heat and Power (replace process/local facility).
2.2.3 Selection of Background Processes
The processes included in the foreground were described in Section 2.2.1. In this 
section, the background processes shown in Figure 2.1 are considered individually for 
their relevance to the types of decision identified in Section 2.2.2, in order to select 
background processes for inclusion in the study:
• Upstream processes and transport of feedstock to the Refinery
None of the projects identified in Table 2.1 as being led by teams at the Refinery 
affect material exchanges with the environment associated with extraction or
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transport of crude oils, which are mainly determined by which crudes are selected. 
Decisions affecting these processes are strategic in nature and they involve 
numerous stakeholders including many from the Refinery. Due to the fact that 
decision makers at the Refinery have little influence over upstream activities, they 
were excluded from this study.
• Production of ancillary materials and utilities
The Refinery controls the type and quantity of ancillary materials and utilities 
consumed to support operations through technology selection decisions including 
selection of catalysts, efficiency improvements affecting fuel oil consumption and 
selection of heat or power source (e.g. steam or electricity). Since material 
exchanges with the environment associated with the production of ancillary 
materials and utilities are affected by decisions made at the Refinery, these 
processes were included in the study.
• Transporting refined products to the market place
The main factors influencing transport from the Refinery are the location of the 
market and the mode of transport (e.g. by sea, road or pipeline). These decisions 
are part of corporate strategy. Although they are of key importance to the 
profitability of a refinery, they were excluded from the study because project 
teams at the Refinery will not have the dominant influence on decisions affecting 
material exchanges with the environment from the transport of refined products.
• Transport and treatment of wastes
The volume and type of wastes produced by a refinery are directly affected by 
operational and technology selection decisions. There is at least an indirect effect 
on the emissions associated with the treatment and disposal of waste and this can 
become direct when the project teams at the Refinery take part in selecting waste 
management techniques. Waste transport and treatment were therefore included .
• Combustion of refined products during use phase
Legislation that has sought to reduce harmful emissions from vehicle exhausts has 
had a significant impact on refining operations over recent decades. Examples of 
Refinery based decisions influenced by product legislation are measures to
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achieve a required fuel specification to reduce harmful combustion emissions. The 
EC directive relating to the quality of petrol and diesel fuels (EC 2003) in 
particular sets out product specifications, such as maximum sulphur content, that 
affect refining operations and influence decisions such as crude oil selection (e.g. 
to reduce sulphur in feedstock) and technology selection (e.g. to invest in 
hydrotreating facilities to remove sulphur from products).
A particular example of a project at Pembroke Refinery, which demonstrates the 
relevance of combustion of products to the scoping LCA study, was one that 
sought to install a new process unit to reduce sulphur in diesel fuel, thereby 
reducing sulphur dioxide emissions from vehicle exhausts. To build the new unit 
the Refinery was required to submit an application for planning permission from 
the local council. The council were concerned that the new unit would increase the 
Refinery’s carbon dioxide emissions so the Refinery presented their case based on 
the sulphur dioxide emissions saved from vehicle exhausts, i.e. those associated 
with a background process.
It is apparent that technology selection decisions at oil refineries can have a 
significant impact on emissions associated with the use phase of their products 
meaning that these emissions are relevant to the study. Carbon dioxide emissions 
are a possible exception to this, because demand, rather than product impurities, is 
the dominant influence on the volume of carbon dioxide emissions.
Despite this relevance to the study, quantifying these exchanges for a general case 
is a complex task due to the fact that different machinery will produce different 
volumes of pollutants per litre of fuel consumed. This is especially the case for 
NOx emissions, which are highly influenced by combustion conditions. Rather 
than attempt to quantify these emissions in the scoping LCA, their importance was 
acknowledged as a key life cycle consideration for technology selection at oil 
refineries which would need to be quantified on a case by case basis.
In summary, following this review of background processes, the scope of the study 
included material exchanges with the environment associated with the production of 
ancillary materials and utilities and with waste treatment. The importance of 
background impacts from combustion of refined products during their use phase is 
recognised, but not quantified in the study.
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3 Inventory Analysis
An Inventory Analysis is a quantification of material exchanges with the environment 
for the system under study; it is recognisable by process engineers as an application of 
mass balance principles. Section 3.1 explains how data was selected and sourced to 
quantify the material exchanges with the environment from foreground and 
background processes. The data collected are provided in Section 3.2.
3.1 Selection and Sources of Data for Inventory Analysis
3.1.1 Types of Emissions Considered/Included
To streamline the study, emissions to air were used to represent material exchanges 
with the environment because they are common to all background processes and there 
is readily available secondary data for these pollutant types.
Emission species included were limited to carbon dioxide, nitrogen dioxide and 
sulphur dioxide; again this was primarily due to the availability of secondary data. 
These emission species represent relatively large scale, low impact flows to the 
environment and it is acknowledged that the impacts of low mass, high impact flows 
(e.g. airborne heavy metals) were not be captured in the scoping LCA. It is suggested 
that impacts of low mass, high impact flows would be the subject of a more specific 
and detailed assessment such as a substance flow analysis, should particular emission 
types be of concern; hence their exclusion from the scoping LCA study was 
considered a reasonable limit on the scope of the study.
Another limitation on the use of emissions to air is that they are not directly related to 
resource use and so it will not be possible to comment on the significance of the use 
of ancillary materials and utilities in terms of depletion of natural resources, which is 
a key concern of the EU waste directive (EC 2008) that encourages efficient use of 
resources and avoidance of waste.
3.1.2 Functional Unit
Foreground emissions per barrel of crude oil processed in 2008 set the baseline 
against which background impacts were compared to ensure absolute data remained
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confidential where necessary. 2008 was selected as this represents a non-turnaround 
year  ^so would provide a picture representative of typical refinery operation.
3.1.3 Sources of Data
Emissions from foreground processes were based entirely on primary data issued by 
the Refinery and available on public records that are maintained by the Environment 
Agency (EA 2010). It is recognised that this provides an aggregate view of emissions 
from the Refinery; however, this is adequate for the purposes of this scoping LCA 
where the goal is to compare impacts from foreground and background processes 
rather than to identify specific sources of foreground impacts.
With the exception of emissions associated with treatment of spent fluoridic caustic, 
secondary data, from the life cycle inventory database Ecoinvent 2.1 and collated 
using Gabi 4.3 LCA software, were used for background processes. The emissions 
associated with treatment of spent fluoridic caustic were obtained from a separate 
LCA study done previously using both primary and secondary data (see Weston et al. 
2008; Appendix D).
3.2 Inventory Analysis Data 
3.2.1 Foreground Data
Table 3.1 -  Emissions of key pollutants from Pembroke Refinery in 2008, normalised per barrel 
of crude oil processed
Pollutant Kilograms per bbl oil
CÜ2 29
SÜ2 0.12
NO2 0.34
3.2.2 Background Data
3.2.2.1 Ancillaries and Utilities
Over 20 ancillary materials (see Annex B) were identified and quantified on an annual 
basis using records kept at Pembroke Refinery. A final shortlist of seven ancillary 
materials, listed in Table 3.2, was then selected based on mass flows and availability
A ‘turnaround’ is a period in which a refinery shuts down operations to allow intrusive maintenance 
work to be carried out.
I I
Appendix B -  Scoping LCA o f  Refinery Background Impacts
of background data (i.e. large mass flows of well known substances were selected for 
consideration).
The main utilities considered were electricity, water and fuel. Water usage and 
discharge are closely monitored on site and directly associated with refining 
operations. Emissions to air resulting from water usage and discharge are expected to 
be linked to use of electricity. Emissions from burning fuel (gas or oil) form part of 
the foreground emissions. So, for utilities, only electricity use, all of which is 
currently imported, was relevant from a background perspective.
Table 3.2 and Table 3.3 show the air emissions, in grams per barrel of crude oil 
processed, associated with the production of the main ancillary materials and utilities. 
The percentages show how these values compare to the Refinery specific values given 
in Table 3.1.
Table 3.2 - Emissions associated with ancillary materials normalised per barrel of crude oil 
processed.
Ancillary Material Grams per bbl crude
Emissions (g) per bbl crude
CO2 SO2 NO2
Caustic Soda Liquor (50wt%) 37 42 0.37 0.27
Hydrofluoric Acid (100wt%) 7.4 14 0.12 0.030
Sulphuric Acid (96wt%) 2.0 0.49 0.011 0.00067
Liquid Nitrogen 120 49 0.17 0.086
Diethanolamine (DEA) (85wt%) 2.0 6.6 0.014 0.010
Methanol (99.8wt%) 0.78 0.50 0.00050 0.00072
FGCU Catalyst (Alumina)* 44 57 0.55 0.16
TOTAL 170 1.2 0.56
As a percentage of emissions from the Refinery 0.59% 1.0% 0.17%
*FCCU Catalyst is actually activated silica-alumina, the production of which involves heat treatment of silica-alumina 
requiring high temperatures. Figures presented here are for Alumina and mainly reflect the emissions associated with 
processes involved in the conversion of bauxite to alumina. The heat treatment stage will undoubtedly increase life 
cycle emissions, but given the quantity of alumina used and the relative magnitude of these and the baseline 
emissions, this omission is not expected to be of significance..
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Table 3.3 - Emissions associated with utilities normalised per barrel of crude oil processed.
Utility kWh per bbl
Emissions (g) per bbi crude
crude CO2 SO2 NO2
Electricity 4.7 2900 13 6.2
As a percentage of emissions from the Refinery 10% 11% 1.8%
3.2.2.2 Waste
Only waste streams greater than 5 grams per barrel of crude were considered for 
assessment in the scoping LCA as shown in Table 3.4.
Table 3.4 -  Quantities of major waste streams normalised per barrel of crude oil with an 
description of their current treatment route.
Waste Material
Grams 
per bbl 
Crude
Classification Current treatment route
Spent Fluoridic 
Caustic 170 Hazardous liquids
Sent offsite for precipitation of fluorides, 
which are subsequently disposed at 
landfill.
Spent Phenolic 
Caustic 12 Hazardous liquids
Managed through the Refinery’s own 
waste water treatment plant
Grit Blast 11 Hazardous solids Disposed at landfill.
Contaminated 
(Amine) Water 7.0 Hazardous liquids
Sent offsite for treatment and discharged 
as liquid effluent.
Oily Hazardous 
Waste 9.2 Oily Wastes
Blended into refinery fuel oil (becoming a 
foreground emission).
General Waste 13 Non Hazardous Waste
Recyclable material segregated. Non 
recyclable disposed at local landfill.
Scrap Metal 8.1 Non Hazardous Waste Locally recycled.
FCCU Catalyst 
(activated silica- 
alumina)
44 Catalysts & Adsorbents Recycled into cement.
Wastes that require treatment prior to disposal (i.e. spent fluoridic caustic, phenolic 
caustic and amine water) are likely to cause more emissions to air, per gram of waste, 
than those that are sent directly to landfill (i.e. grit blast and general waste); especially 
given the locality of the landfill site used which, at approximately 20 miles, is closer 
than many of the available waste treatment facilities. Spent fluoridic caustic is by far 
the largest of the streams that require treatment; life cycle impacts have been 
calculated for this waste stream (Weston et al. 2008, see Appendix D) and they are 
shown in Table 3.5 along with a comparison to foreground emissions.
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Table 3.5 - Emissions to air associated with spent fiuoridic caustic normaiised per barrei of 
crude oii processed based upon Weston et al. (2008) (Appendix D).
Waste Material Grams per 
bbl crude
Emissions (g) per bbi crude
CO2 SO2 NO2
Spent Fluoridic Caustic 170 23
0.080%
0.029
0.024%
0.10
0.030%As a percentage of emissions from the Refinery
Given that (i) spent fluoridic caustic is the largest waste stream that, due to its 
transport and processing prior to disposal, is likely to cause a relatively large quantity 
of emissions to air; and (ii) the emissions associated with this waste stream are of 
minor significance compared to foreground processes, it was not considered necessary 
to carry out further inventory analysis of the other waste streams. In other words, the 
emissions associated with the management of spent fluoridic caustic were deemed to 
provide sufficient indication of the order of magnitude of background emissions from 
wastes for purposes of the scoping LCA.
4 Impact Assessment
The impact assessment aggregates emissions to air to impact categories; the two 
impact categories of particular relevance to the emissions considered here are: 
‘Global Warming Potential’ (GWP, measured in kilogrammes of CO2 equivalent) and 
‘Acidification Potential’ (AP, measured in kilogrammes of SO2 equivalent).
As the reference substances for these impact categories, CO2 and SO2 mass flows 
could be used directly to determine the contribution of these emissions to the relevant 
impact categories. For NO2, a characterisation factor of 0.49 kilogrammes of SO2 
equivalent (for a 20 year time horizon) was used, from Goedkoop et al. (2009).
The impact assessment for all system components is given in Table 4.1.
Table 4.1 -  impacts of main foreground and background components per barrei of crude oii 
processed
Foreground / 
Background
System Component GWP
(kgs CO2 equivalent)
AP
(kgs SO2 equivalent)
Foreground Refining 29 0.29
Background
Ancillaries 0.17 0.0014
Utilities (Electricity) 2.9 0.016
Waste (SFG) 0.023 0.000078
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5 Interpretation
The scale of impacts caused by emissions to air associated with the production of 
ancillary materials and management of waste represent less than 1% of the impacts 
caused by emissions to air from foreground processes. Therefore, in general, decisions 
that affect impacts from foreground processes need not apply life cycle approaches to 
capture impacts from these background processes.
On the other hand, the GWP associated with electricity use represents around 10% of 
foreground GWP. At this level, impacts associated with changes in electricity use 
should be quantified and incorporated into the decision making processes on equal 
terms with any changes to impacts from foreground processes. It should be noted that 
electricity use is already recorded at Pembroke Refinery and then converted to 
emissions in tonnes COa-equivalent as required by Chevron Corporation. This type of 
absolute (rather than relative) assessment is part of its organisational carbon 
footprinting used, for example, for international GHG emission reporting (e.g. 
through the Carbon Disclosure Project).
Impacts from the combustion of refined products should also be captured in decisions 
that affect them. In particular, those impacts associated with product quality should be 
captured (e.g. AP) because the Refinery has greater control over these than impacts 
associated with quantities consumed (e.g. GWP), which are influenced by product 
demand and the efficiency of combustion technology.
In light of these findings, the typical refinery based projects that were introduced in 
Table 2.1 have been revisited to identify those for which life cycle approaches would 
be relevant. Table 5.1 gives a summary of the results for the decisions influenced 
predominantly by project teams at the Refinery. Based upon emissions to air alone, 
there are many projects that could benefit from the application of life cycle thinking, 
most commonly due to the potential effect on electricity use, needed mainly for 
motors and process heaters. There are also instances where any effect on refinery 
emissions is negligible; in these cases, expanding the system boundary is essential to 
capture any change in impacts to the environment.
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Table 5.1 - Relevance of life cycle approaches to typical refinery level projects based on potential 
changes to refinery emissions and emissions associated with background processes
Affects Background processes
Project / Decision Example Alternatives III
1
II i l III25 Ü JQ. 3 i fO UJ II §1
Reduce emissions 
from flaring
Operational discipline X - - - - - No
Recover flare gases X - - - X - Yes
Increase sulphur 
recovery unit capacity X X X X X - Yes
Reduce emissions 
from furnaces
Operational discipline X - - - - - No
Upgrade burners X - - - - - No
Downstream abatement X X X X X - Yes
Improve refinery 
efficiency X - - - - - No
Replace fuel oil with 
natural gas X - - X - X Yes
Reduce emissions 
from FCCU
Operational Discipline X - - - - - No
Energy Recovery 
through flue gas 
expander
X - - - X - Yes
Build Hydroprocessing 
Unit X - X - X - Yes
Meet tighter waste 
water discharge 
specifications 
(note that WWTP is 
part of Refinery 
operations)
Operational discipline - - X - X - Yes
Increase capacity of 
Waste Water Treatment 
Plant (WWTP)
- - X - X - Yes
Install final treatment 
stages (e.g. 
ultrafiltration)
- - X - X - Yes
Reduce waste 
management costs
Operational discipline X X X X - - No
Select alternative waste 
management process - X - - - - Yes
Design changes to 
reduce waste generation - X - - - - No
Meet tighter product 
specifications
Increase hydrotreating 
capacity X - X - X X Yes
Increase high value 
products
Fuel oil recovery and 
conversion X - X X - X Yes
Increase crude 
flexibility
Increase hydrotreating 
capacity X - X - X X Yes
Includes changes in volume or composition of refined products (sulphur is included as a product)
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6 Conclusions
The scoping LCA provides Pembroke Refinery and other refineries with guidance on 
where life cycle approaches may be needed to capture changes to environmental 
impacts resulting from their decisions. It should be noted that this guidance is for a 
general case and a similar high level scoping assessment (e.g. as presented in Table 
5.1) is encouraged for all projects to enable teams to make their own determination of 
the relevance of life cycle thinking. An important output from this work is a screening 
tool that project teams at refineries can use to determine for themselves when life 
cycle approaches should be applied. When it is determined that background impacts 
are an important consideration, then a more focused life cycle approach, such as the 
streamlined LCA described in Appendix E, can be applied.
Based on the general case, consideration of background impacts is likely to be most 
relevant when a project could affect product quality (e.g. sulphur concentration in 
diesel) or electricity use. Compared to impacts from foreground processes, impacts 
from the production of ancillary materials and management of waste materials are not 
substantial; although it should be noted that this conclusion may not extend to 
resource depletion, which is a primary concern of the EU waste directive and would 
require further assessment.
If the only background processes a decision affects are from the amounts of ancillary 
materials used or wastes generated, it is unlikely that life cycle thinking need be 
applied to determine changes in impacts associated with background processes. 
However, based on this study and the other LCA studies carried out for Pembroke 
Refinery (see Appendix D, E and F), it can also be concluded that life cycle 
approaches may become relevant where a decision focuses specifically upon either 
waste management or selection of ancillary materials.
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Annex A -  Outline of Projects Listed in Tables 2.1 and 5.1
Project / Decision Outline
Reduce emissions 
from flaring
Disturbances in refining operations can iead to over pressurisation, which is reiieved by burning 
gases at a flare. Emissions from the flare can be reduced by avoiding process disturbances, 
recovering fiare gases using a compressor.
‘Sour gases’, with high sulphur content, can be burned at the flare due to insufficient sulphur 
recovery capacity.
Reduce emissions 
from furnaces
Refineries use furnaces to produce steam and heat process fluids. The furnaces are normally 
fuelled by oil or gas produced at the refinery. Emissions from furnaces can be reduced by: 
reducing energy requirements; upgrading furnace technology; installing downstream abatement 
measures; replacing fuel oil with a cleaner fuel (e.g. natural gas).
Reduce emissions 
from FCCU
A fluidised catalytic cracking unit (FCCU) requires large amounts of energy to break long chain 
hydrocarbons into smaller building blocks for more valuable produots that are blended into 
gasoiine. Due to its large energy requirements, which are provided by burning carbon, it produces 
a large amount of emissions. Any available alternatives to recover the energy or make the unit 
more efficient wili therefore reduce emissions to the environment.
Meet tighter waste 
water discharge 
specifications
A water treatment plant receives aii liquid going to drains to ensure that environmental 
specifications are met before discharging them to the environment. The specifications are due to 
become more strict in the near future so projects wili be needed to remove more impurities from 
these waste streams.
Reduce waste 
management costs
Refining operations produce a range of solid and liquid wastes that need to be managed. Due to 
efforts to promote resource efficiency, costs of waste management are constantiy increasing so the 
Refinery is continuousiy seeking ways to reduce waste management costs.
Meet tighter product 
specifications
Legislation puts limits on certain impurities in refined products. These limits are becoming 
increasingly tight so refineries need to install new technologies to improve product quality and the 
selection of crude oils, which vary in their concentration of impurities, is also affected.
Increase high vaiue 
products
To maximise their profits a refinery will seek to convert as large a portion as possible of their feed 
crudes into high value products, which are generally light fractions of crude. The cheapest crudes 
generally contain fewer light fractions so maximising revenue requires additional process 
equipment that can convert heavy fractions into light fractions.
Increase crude 
flexibility
There are many features of crude oils that can make them difficult to convert into products that 
meet required specifications. To be able to process as large an array of crudes as possible, 
thereby being able to adapt to changes in market conditions, a refinery will need to invest in 
various process units able to handle difficult crudes.
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Annex B -  Ancillary Materials Imported to Pembroke Refinery
Methylene Chloride 
Ethylmercaptain (Scentinel A)
RMC G21 Cleaning Solution 
Breathing Air Banks (for Alky)
Oxygen Medical Cylinders 
Cetane Number Improver 
Caustic Soda Liquor (50%)
Liquid Nitrogen & Compressor 
Diesel Lubricity Additive 
Methanol (99.8%wt)
Caustic Soda Liquor (50%)
Middle Distillate Improver 
Leunasol
Keroflux flow improver 
Pure Dried Vacuum Salt 
Perklone Isoform 
Sodium Hypochlorite (14/15%)
Phosphoric Acid (75%)
Sulphuric Acid (96%)
Hydroflou he Acid 
Diethanolamine (DEA) (85%)
Gas Oil Marker 
Kerosine Marker
20
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The Role of LCA in Defining Best Available Techniques
Synopsis
An investigation is presented which seeks to answer the following question:
“Do decisions that incorporate life cycle thinking lead to different outcomes compared to 
decisions that are driven by current environmental legislation?”
The investigation is based on a case study at Pembroke Refinery that involves an 
assessment of ‘best available techniques’ (BAT) to abate pollution from the Refinery’s 
boilers. This assessment is required to comply with the permit to operate under the 
Environmental Permitting (England and Wales) Regulations 2010.
Three different approaches to determining BAT are compared: (i) that used at Pembroke 
Refinery and accepted by the Environment Agency (EA) to achieve regulatory compliance;
(ii) a general one recommended by the (EA) for all refineries; (iii) a novel one suitable for 
all industries using a streamlined life cycle methodology developed as part of this EngD 
project.
It was found, through the case study presented, that environmental legislation can lead to 
the selection of technologies that may not be justifiable on an environmental basis when 
life cycle impacts are considered. Misalignment was found between the approach to 
defining BAT taken to comply with legislation and the approach recommended by the EA, 
specifically with regard to quantifying environmental impacts and resolving priorities 
between emission types.
The challenges associated with conducting and interpreting a ‘Life Cycle Analysis’ (LCA) 
are discussed, as are those associated with promoting the technique via legislation. 
However, given that LCA has recently been added to the EA’s guidance on approaches to 
identify BAT, albeit to state its exclusion, it is to be expected that it may only be a matter 
of time before life cycle thinking plays a greater role in environmental legislation; in the 
mean time there is the risk that resources will continue to be spent implementing sub- 
optimal environmental solutions in the name of regulatory compliance.
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1 Background & Objectives
A review of decision making processes driving technology selection at Pembroke Refinery 
revealed that environmental legislation is an important driver when identifying and 
prioritising projects aimed at reducing the Refinery’s environmental impacts. In line with the 
aims of the Engineering Doctorate (EngD) project, it is necessary to understand the extent to 
which legislation promotes sustainable development. The lack of life cycle thinking evident 
in ‘facility based’ environmental legislation^ is of particular interest because this legislation 
is influential in technology selection at oil refineries. In this context, the fundamental 
question is:
“Do decisions that incorporate life cycle thinking lead to different outcomes compared to 
decisions that are driven by current environmental legislation?”
An investigation has thus been carried out based on a case study at Pembroke Refinery to 
seek an answer.
To maintain compliance with their permit to operate under the Environmental Permitting 
(England and Wales) Regulations 2010, Pembroke Refinery was recently required to assess a 
range of technologies that could reduce the environmental impacts of burning fuels in order 
to identify the ‘best available technique’ (BAT). The work done to comply with the permit 
was completed by the Research Engineer (RE) and submitted in a confidential report to the 
Environment Agency (EA). The method used to determine BAT, on behalf of Pembroke 
Refinery, differed from the method recommended by the EA and neither of these methods 
incorporated life cycle approaches. Thus, an opportunity was available to repeat the 
assessment using both methods to understand their differences and also to apply a third 
method, incorporating life cycle approaches, to ascertain how decision outcomes might be 
affected; this, in outline, is the investigation described in this report.
The investigation notes the contributions of others in this area, notably those of Gelderman 
et al. (1999) and Nicholas et al (2000), both of whom have applied life cycle approaches in
* ‘Facility based’ environmental legislation refers to regulations that are specifically designed to control the 
activities of industrial facilities and their effects on the environment. Examples are: ‘Integrated Pollution 
Prevention and Control’ (IPPC) and the ‘Large Combustion Plant Directive’ (LCPD).
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the determination of BAT and recommended that integrated assessments of technologies 
should incorporate life cycle thinking.
The report is structured such that the background to the case study is described in Section 2, 
the investigation is presented in Section 3 and a discussion of the findings is given in Section
4.
2 Case Study: Background
This section aims to set the regulatory context for the case study (Section 2.1) and to outline 
the specific plant items concerned (Section 2.2).
2.1 Integrated Pollution Prevention and Control (IPPC) and ‘Improvement 
Conditions^ (ICs)
IPPC is perhaps the most wide ranging piece of environmental legislation applied to 
manufacturing facilities in the UK. It includes, amongst others, the requirement to 
demonstrate BAT, which will be explained in Section 2.1.1, and covers emissions to air, 
water and land through an ‘integrated’ approach (EC 2006a).
IPPC is enforced in the UK through the Environmental Permitting (England and Wales) 
Regulations 2010 (UK 2010) (henceforth called ‘the Permitting Regulations’), which also 
cover a range of other, facility based legislation such as the Large Combustion Plant 
Directive (LCPD) (EC 2001); the Landfill Directive (EC 1999); and Statutory Nuisance 
within Part III of the Environmental Protection Act (UK 1990).
Under the Permitting Regulations, a facility is required to apply to the regulator, in this case 
the EA, for a permit to operate. In their application, which is made publicly available^, the 
operator provides details of the operations carried out at the facility including techniques 
currently employed for pollution control; an emissions inventory; an impact assessment; a 
BAT assessment; and a list of proposed improvements to reduce environmental impacts.
In response to the permit application, the regulator issues a ‘decision document’, which 
states whether the application for a permit has been successful. In the case of Pembroke
See the Public Register on the EA website at: http://www2.environment-agencv.gov.uk/epr/index.asp
Appendix F -  The Role o f  LCA in Defining BAT
Refinery, a permit was granted in 2007 subject to certain ICs being met. These ICs are wide 
ranging in both their nature and the timeframe in which they are to be implemented.
The investigation presented here was based upon three related ICs concerning atmospheric 
emissions (EA 2007):
• IC22: Low-NOx burners
“A written report shall be submitted to the Agency for approval detailing an assessment 
of the feasibility of installing low-NOx burners or ultra low-NOx burners into the site 
combustion units, in particular the dual-fuelled boilers. Where appropriate the report 
shall contain dates for the installation of such burners. ”
• IC23: Reduce particulate emissions from heaters and boilers
“A written report shall be submitted to the Agency for approval detailing a cost benefit 
analysis into techniques to reduce the particulate emissions from the dual-fuelled heaters 
and boilers on site towards the BAT emission level of 50mg/Nm^. Where techniques that 
would be considered site specific BAT are identified then the report shall contain dates 
for the installation of such techniques. ”
• IC25: Replace Fuel Oil with Natural Gas
“A written report shall be submitted to the Agency for approval detailing a cost benefit 
analysis into measures to be taken to enable natural gas to replace the use o f Refinery 
fuel oil on site. Where appropriate the plan shall contain dates for the implementation of 
individual measures. ”
A decision was made at the Refinery to respond to these ICs simultaneously through a single 
report because each is concerned with emissions from burning fuel in process heaters and 
boilers. The subsequent report was prepared by the RE and submitted to the EA (Chevron 
2009). This more comprehensive investigation reviews and extends the work described in 
the submission to answer the more fundamental question posed in Section 1.
2.1.1 ‘Best Available Techniques’ (BAT)
BAT is a legislative principle that requires decision makers to strike an appropriate balance 
between a high level of environmental protection and the costs of implementation, both 
when assessing the requirement to improve existing plant and when comparing technology
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options for possible implementation. For any technology change that affects emissions to air, 
water or land, it must be shown that the modification represents BAT or, where that is not 
the case, that there is justification for not selecting BAT.
To aid in the selection of BAT, reference documents have been issued by Technical Working 
Groups (TWGs), which were set up by the European IPPC bureau to describe the potential 
performance of various technologies based on data collected from operators across the EU. 
The reference document of particular relevance to this case study is the ‘Refinery BAT 
Reference Document’ (EC 2003) (henceforth referred to as ‘Refinery BREF’). Further 
guidance in identifying and assessing technology options is provided by a document 
published by the EA, titled “Sector Guidance Note IPPC S1.02: Guidance for the 
Gasification, Liquefaction and Refining Sector” (EA 2005) (henceforth referred to as ‘EA 
Sector Guidance’).
2.1.2 The LCPD and the ‘NationalEmissions Reduction Plan’ (NERP)
Since the Refinery boilers, which are the particular plant items considered in the 
investigation (see Section 2.2.1), share a common stack and have a combined rated thermal 
input in excess of 50 MW; they are bound by the LCPD (EC 2001). This means that the 
boilers are subject to ‘Emission Limit Values’ (ELVs), which specify the upper concentration 
of pollutants that can be emitted. Also under the LCPD, and because they were 
commissioned prior to July 1987, the boilers are captured by the NERP.
The NERP and an associated emissions trading scheme provide a mechanism for operators 
to trade emission ‘allowances’ for Sulphur Dioxide (SO2), Oxides of Nitrogen (NOx) and 
particulates. An annual allowance is allocated to each ‘Large Combustion Plant’ (LCP) 
based on previous recorded emissions (based on mass flow rates). If an LCP is expected to 
exceed the allowance, then the operator must purchase additional allowances from another 
participant who has a surplus, or make technological or operational changes to reduce its 
emissions. Likewise, if an operator expects its LCP to emit less than its annual allowance, 
then it can sell the surplus to others. The intent is that, over time, annual allowances will be 
gradually restricted thereby causing a reduction in nationwide emissions through possible 
technological improvements where it is economically efficient to do so.
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The ELVs imposed through the LCPD are not so relevant for the assessment of BAT 
because the latter sets a higher standard. The NERP, however, is designed to reduce site 
specific emissions through financial incentives and the potential strength of this site specific 
approach is of note for later discussion (Section 4.3).
2.2 Outline of Affected Plant Items and Target Pollutants
It is necessary to distinguish between ‘process heaters’, which are fired furnaces that heat 
process fluids (e.g. hydrocarbons), and ‘boilers’, which are fired furnaces that heat water to 
generate steam. Although IC22 and IC23 require consideration of both process heaters and 
boilers, the investigation was limited to boilers only because: (i) the base data for the boilers 
were considered to be more reliable; (ii) the dual-fuelled process heaters already use low- 
NOx technology, which is one of the main technology options considered; and (iii) the aim 
of the investigation was to provide a comparison of BAT assessment methodologies and 
limiting the scope to the boilers was considered sufficient to achieve this.
An overview of the boilers at Pembroke Refinery is given in Section 2.2.1 and the ‘refinery 
fuel o il’ (RFO) and ‘refinery fuel gas’ (RFG) systems are explained in Section 2.2.2. The 
pollutants that were the subject of the ICs are described in Section 2.2.3.
2.2.1 Boilers
The boilers generate high pressure steam to drive turbines and medium pressure steam used 
mainly for process heating, injection into process burners (for atomisation^ of RFO) and 
injection into flares (for smokeless combustion).
Presently there are no conventional downstream abatement measures on the boilers although 
the environmental impact of emissions is reduced by:
(i) A burner management system, which controls the supply of both RFO and RFG by 
adjusting the firing ratios on all the boilers;
(ii) Continuous monitoring of oxygen and air levels; and,
(iii) Steam injection to atomise RFO and reduce particulates.
 ^Atomisation refers to the dispersion of RFO into fine droplets, which results in more complete combustion 
and a more stable flame. Burner design, steam injection and the build-up of deposits all affect the extent of 
atomisation.
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Quarterly spot samples are taken for monitoring Carbon Dioxide (CO2), NOx, SO2 and 
particulates.
2.2.2 Fuel system
Pembroke Refinery is self sufficient in combustion fuels.
The primary fuel used by the boilers is RFG, which is a blend of hydrogen and light 
hydrocarbons, predominately methane and ethane produced by refinery processes. All RFG 
is desulphurised by amine treating and passed through liquid disengagement vessels to 
remove liquid and ensure good combustion characteristics.
When there is insufficient RFG to meet energy demands, an internal supply of RFO is used 
by the dual-fuelled boilers and heaters. RFO contains the heaviest oil fractions produced by 
the Refinery. Crudes are selected to ensure that specifications on sulphur content of RFO 
will be met. Some lighter, more valuable petroleum fractions are also sometimes blended 
with RFO to meet environmental and product quality specifications (e.g. heavy metals and 
viscosity).
2.2.3 Target Pollutants
IC22 and IC23 target NOx emissions and particulates respectively (Section 2.1). IC25 does 
not mention specific pollutants to consider, but it is known that a change from RFO to 
natural gas would lead to a significant reduction in SO2 emissions; therefore it was decided 
to also include sulphur dioxide (SO2) emissions in the investigation. In this section, the cause 
and effects of these three pollutants is explained.
2.2.3.1 Oxides o f Nitrogen (NOx)
‘NOx’ is usually used to describe a mixture of three gases: nitric oxide (NO), nitrogen 
dioxide (NO2), and nitrous oxide (N2O).
There are three primary sources of NOx in combustion processes:
1. Thermal NOy: Refers to NOx formed through high temperature oxidation of diatomic
nitrogen (N2) found in combustion air. Formation rate is primarily a function of 
temperature and the residence time of N2 at that temperature.
Appendix F -  The Role o f  LCA in Defining BAT
2. Fuel NOyI Refers to NOx formed from the oxidation of nitrogen that is chemically 
bound to the fuel; this mechanism is particularly relevant when burning oil or coal.
3. Prompt NOv: Prompt NOx occurs in the early stages of combustion when 
atmospheric N2 reacts with free radicals such as C’, CH’ and CH2'. The various species of 
nitrogen compounds that result can then be partially oxidised to NO.
NOx is of environmental interest because these gases can lead to the formation of fine mists 
and ozone smog, causing respiratory illnesses in humans and animals. Other ecological 
effects of NOx are the formation of acid rain and eutrophication.
2.23.2 Particulates
Particulate matter (PM) refers to tiny particles suspended in the air. They are composed of a 
wide range of materials from a variety of different sources. They vary in size and shape and 
are often classified and reported as total particulates or PM 10 (particles with diameter less 
than or equal to 10 pm). PMIO consists of three predominant source types: primary particles 
mainly from combustion sources; secondary particles formed by chemical reactions in the 
atmosphere; and coarse particles such as suspended soils, dusts, sea salt and biological 
particles.
Primary particles from combustion processes often include ash; catalyst fines (if heavy fuel 
oil from the catalytic cracking process is burnt); acidic species (such as nitrates and 
sulphates) and metals.
Exposure to PMIO particulate matter is a health concern because it can cause lung tissue 
damage and lead to respiratory illnesses. Particulate matter can also form atmospheric haze 
that reduces visibility.
2.2.S.3 Sulphur Dioxide (SO2)
SO2 is formed directly from the combustion of sulphur contained in fuels.
High concentrations of SO2 are a health concern because the gas affects breathing and may 
aggravate existing respiratory and cardiovascular disease. SO2 emissions lead to atmospheric 
particulates and acidification.
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3 Case Study: Investigation of Methods for Determining BAT
In this section, the investigation into different approaches to determine BAT is presented. 
The primary aim of the investigation was to identify whether incorporating life cycle 
approaches can lead to different decision outcomes than when they are not applied. The 
secondary aim was to demonstrate differences in the techniques used to comply with 
regulations and the techniques recommended by the regulator.
First, the investigation defined the current performance of the boilers in order to set the 
baseline against which technology options were to be compared (Section 3.1). Available 
technologies that could reduce the target pollutants were then identified (Section 3.2) and 
these technologies were assessed using three different methods (Section 3.3). The findings of 
the investigation (Section 3.4) inform a more general discussion and critique (Section 4). An 
answer to the key question posed in Section 1 is given in the conclusions (Section 5).
3.1 Current Performance of Existing Boilers
There are two commonly used ways to present emissions performance data. The first is to 
provide emissions concentrations (in units mg/Nm^, where flue gas is dry, contains 3% 
oxygen and is at the normal conditions of 0°C and 1 bara), which is a useful measure to 
indicate the performance of a given technology and compare options. The second measure is 
mass flow of pollutants (in tonnes per year), which is useful for identifying sources and 
amounts of emissions that should be prioritised for pollution abatement.
Current performance data of existing boilers have been determined based on established 
methods at Pembroke Refinery, which have been approved by the EA. The details of these 
calculations have been omitted here since this report is concerned with variations in the 
methods to define, rather than to recommend, BAT.
In the absence of continuous monitoring facilities, estimates of NOx and particulate emission 
concentrations at the Refinery are based on flue gas samples that are collected quarterly. The 
most significant process parameter that affects pollutant concentrations is the type of fuel 
burned, i.e. the ratio of RFO to RFG. By plotting the sample results against fuel type, it is 
possible to estimate emission concentrations on a normalised basis of the average fuel
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composition of 35% RFO (energy basis). Mass flows are subsequently calculated using the 
average volumetric flow of the flue gas.
SO2 emission concentrations are also recorded on a quarterly basis, but mass flows are 
calculated based on the sulphur content of the fuel, which is measured once or twice a week. 
Technologies that specifically target SO2 emission reductions are not being compared, the 
differences in quantities emitted is purely a function of the sulphur content in the fuel, 
therefore only SO2 mass flows are required for the investigation.
Table 3.1 shows approximate average emissions for these pollutants from Pembroke 
Refinery’s boilers from 2006 to 2009.
Table 3.1 -  Average flue gas pollutant concentrations and mass flows from Pembroke Refinery’s 
existing boilers from 2006 to 2009
Particulates NOx SO2
Concentration (mg/Nm^) 22 420 -
Mass flows (tonnes / year) 55 1100 2300
These data suggest that the Refinery is already achieving BAT performance for particulate 
emissions because IC23 sets a target of 50 mg/Nm^; this was known by the EA when the ICs 
were set, but because the underlying dataset is erratic and often exceeds the BAT limit a 
requirement was imposed to investigate alternative abatement techniques. BAT levels for 
NOx vary depending on the fuel type and burner technology used; therefore it is not possible 
to quote a specific ‘distance to target’ figure, but instead available options need to be 
compared based on their potential NOx emission concentrations.
3.2 Technology Options Considered for Pollution Abatement
This section introduces the options to reduce pollutant emissions that were included in the 
investigation and it concludes with Table 3.2, which summarises the potential emission 
levels that could be achieved from each.
The range of options considered was limited to those that were compared in the report 
completed on behalf of Pembroke Refinery for the EA since they provided sufficient 
diversity to compare the approaches to determining BAT. Where possible, estimates have 
been calculated based on data available at Pembroke Refinery; otherwise the Refinery BREF 
document (EC 2003) has been used to estimate performance based on industry averages.
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• Low-NOx Burners
Burner design has a significant impact on the amount of NOx emissions produced. 
Conventional designs have evolved through innovations by furnace vendors leading to ‘low- 
NOx\ ‘ultra low-NOx and ‘next generation' categories of burners; although ‘low-NOx' 
burners are the only viable upgrade for dual-fuel firing. These designs aim to reduce thermal 
NOx (see Section 2.2.3.1) by reducing peak flame temperature, reducing oxygen 
concentration in the primary combustion zone and reducing the residence time at high 
temperature.
Pembroke Refinery currently uses conventional burners in its boilers, so a furnace vendor 
was invited to assess the potential to reduce NOx emissions by upgrading the burners to the 
low-NOx type. The vendor found that, due to the limiting design of the boilers, it would not 
be technically feasible to reduce NOx emissions through a direct replacement of the burners; 
instead a complete refurbishment of the boilers would be needed at a considerably greater 
cost. Upgrading the burners would not significantly affect particulate and SO2 emissions.
Based on vendor estimates for low-NOx technology and advice from within Chevron on 
boiler refurbishment, the cost of this option was estimated as £64 million (+/- 50%).
• Replace RFO with Natural Gas
The major advantage of burning RFO is that it is a low value refinery stream associated with 
gasoline and diesel manufacture. It is, however, a relatively unclean fuel because it is made 
up of the heavier fractions of crude oil where impurities accumulate. A significant reduction 
in NOx, particulate and SO2 emissions can thus be achieved by reducing the quantity of RFO 
burned; one approach to doing this is to replace RFO with a cleaner but more expensive 
option, i.e. natural gas.
Although a straight swap of RFO for natural gas would significantly reduce NOx emissions, 
‘thermal NOx would still be formed from the nitrogen in the combustion air. State of the art 
burners can address this problem, but given the structural limitations of the current boilers, a 
burner upgrade was not considered technically feasible and would require more in-depth 
technical evaluation (see previous section on low-NOx burners).
A project team at Pembroke Refinery have estimated the costs of replacing RFO with natural 
gas as £7.5 million (+/- 10%) with no replacement of the existing burners. Operational costs
1 0
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are expected to decrease following this modification due to the sales value of RFO; however 
these costs were excluded from the original assessment of BAT for the EA and so they will 
not be included in this investigation.
• Downstream Particulate Abatement Techniques
Of the available options to reduce particulates, the investigation was limited to electrostatic 
precipitation (ESP) because it offers the potential to make a substantial reduction in 
particular matter and was recommended by vendors over the main rival technology -  
filtration -  due to the available flue gas pressure. In ESP, particles are charged by an electric 
field and are then collected on a charged electrode or ‘collector plate'. The deposits are 
continuously removed from the plate and form a solid waste, which would normally be sent 
for disposal to landfill.
For two boilers emitting approximately 160,000 Nm^/h flue gas each, capital costs for an 
ESP facility are of the order of £5 million with ongoing operating costs of £1.3 million per 
year (based on £0.50 per 1000 Nm^ processed, EC 2003).
The potential performance of each technology option for the pollutants considered is given 
in Table 3.2.
Table 3.2 -  Estimated flue gas potential pollutant concentrations and mass flows from Pembroke 
Refinery’s existing boilers using alternative abatement technologies
Technology
Option
Metric Particulates NOx SO2
Low NOx burners 
in refurbished 
boilers
Concentration (mg/Nm^) 22 140 -
Mass flows (tonnes / year) 55 350 2300
RFO replaced 
with natural gas
Concentration (mg/Nm^) 5.0 220 -
Mass flows (tonnes / year) 13 570 20
Particulate 
abatement using 
ESP
Concentration (mg/Nm^) 10 420 -
Mass flows (tonnes / year) 26 1100 2300
3.3 Assessment of Technology Options
Three different methods for assessing these options to determine BAT were applied. The 
first method, ‘regulatory compliance' (Section 3.3.1), was the approach used at Pembroke 
Refinery to maintain compliance with their permit to operate. The second method.
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‘Regulator's recommendation' (Section 3.3.2), follows the EA recommended approach 
called the HI Environmental Risk Assessment { ‘HI ERA'). The third method, ‘sustainable 
development' (Section 3.3.3), applies a novel approach that seeks to incorporate the concept 
of life cycle thinking. The relative merit of each method will be discussed in Section 3.4.
3.3.1 Method hased on ‘Regulatory Compliance^
This section describes the approach used by Pembroke Refinery to maintain compliance with 
their permit to operate. The main principle that underpins this approach is to rank options 
according to their costs per tonne of pollutant abated.
3.3.1.1 Methodology
The procedure used for this assessment was as follows:
(i) For each pollutant, calculate the potential emissions abated in tonnes per year;
(ii) For each pollutant, multiply this total by the estimated lifetime of the upgrade 
(15 years has been used for all options because this is the normal expected 
lifetime for process equipment to remain in operation);
(iii) Add together the lifetime amounts of each pollutant abated to obtain the total 
lifetime emissions abated;
(iv) Calculate the lifetime costs of each option by adding together the capital and any 
incremental operating costs over the lifetime of the upgrade;
(v) Divide the total lifetime costs by the total lifetime emissions abated to give the 
overall cost effectiveness in £ per tonne of emissions abated.
3.3.1.2 Results
Table 3.3 gives the results obtained for cost effectiveness using this approach.
These results lead to the following conclusions:
• Replacing RFO with natural gas gives the greatest reduction in emissions across a
range of pollutants and has the lowest price per tonne of pollutant abated.
• Attempting to reduce NOx emissions while still buming liquid fuels would be a more
costly and less effective approach.
1 2
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Based on these conclusions, it would be recommended that Pembroke Refinery should 
continue with a project to replace RFO with natural gas before considering additional 
pollution abatement measures. This recommendation is supported by the EA Sector 
Guidance on BAT (EA 2005), which states: ‘‘BAT for NOx abatement associated with 
conventional forced and natural draft furnaces and boilers on oil refineries, gas refining and 
on-shore oilfields should be regarded as the firing of gas with ultra low-NOx burners", and 
“the firing of RFO should be minimised".
Table 3.3 -  A comparison of technology options for reducing pollutants based on the approach used at 
Pembroke Refinery for regulatory compliance
Technology Option Low-NOxburners
Natural gas 
(conventional)
Particulate
abatement
Abated Particulates (t) 0 1200 30
Abated NOx (t) 11000 7600 0
Abated SO2 (t) 0 34000 0
Total Emissions Abatement (t) 11000 43000 30
Cost (Em) 64 7.5 24
Cost effectiveness (£k / 1 abated) 5.8 0.18 800
N.B. Lifetime basis of 15 years for equipment, costs and emissions 
3.3.2 Method Based on ‘Regulators Recommendation*
The HI ERA is the Regulator’s recommended assessment method and aims to help operators 
of installations ensure that they are achieving BAT. The scope of the methodology is based 
on the requirements of the IPPC directive and “whilst certain indirect emissions are 
included, it does not incorporate full Life Cycle Analysis (LCA) of the prescribed activities 
that are not covered under IPPC." (EA 2010)
The guidance suggests that the indirect impacts of energy use are most readily captured by 
considering the emissions associated with the generation of that energy (e.g. power plant 
emissions for electricity production). Besides these indirect impacts there is also scope to 
include ‘cross media conflicts', which refers to the potential for reductions in one emissions 
type to lead to increases in another.
One example where cross media conflicts occur is in relation to particulate abatement, for 
which the Refinery BREF document notes that the collection of particulates is “essentially a
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shift of an air emission to a waste problem” and states that a reduction of environmental 
impacts is best achieved if a use is found for the solid waste. Another example is the 
increasing RFO exports resulting from the introduction of natural gas, for which the Refinery 
BREF document states:
“It is acknowledged that the residual fuel replaced by gas results in a further surplus of 
residue, which has to be considered in any integrated solution for the fuel system of a 
refinery. It can be the case that those residual fuels can be burned improperly outside, so 
emissions produced by that can be seen as an emission shift to outside the refinery. ”
This statement indicates a recognition that life cycle considerations are significant, but the 
document does not go so far as to recommend structured life cycle assessment. The approach 
suggested to deal with these trade-offs is to “think about the relative importance of different 
environmental impacts” (EA 2010). Installations are given responsibility to manage such 
trade-offs using their own judgment, which must be justified in the final decision. Guidance 
is given by the EA to support this judgment; such as recommending that the operator 
considers:
• Local environmental quality for various substances;
• Presence of sensitive receptors;
• The nature of impacts, e.g. long term vs short term, reversible vs irreversible;
• The nature of released substances: e.g. highly persistent, bio-accumulative, toxic.
This investigation was carried out using the previous HI ERA software, which was due for 
revision in July 2010. Based on a consultation document issued by the EA and published on 
3F‘ March 2010 (EA 2010a), the change to the methodology that could affect the present 
case study is the inclusion of “the cost of damage resulting from the release of pollutants”. 
The EA recognise that there is uncertainty in the evaluation of monetary values and is 
“reviewing existing methodologies to investigate the significance of this” (EA 2010a). 
However, any change in methodology does not affect the validity of this investigation 
because, although extending impacts to include the ‘cost of damage’ could influence 
decision outcomes, there is still no requirement for systematic life cycle thinking to be 
applied.
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3.3.2.1 Methodology
The following provides an overview of the HI ERA that operators are expected to conduct 
when performing a CBA of options; the assessment is divided into six modules:
Module 1: Description of Scope and Options
In this module the objectives of the investigation are described and the type of 
assessment is selected from either an ‘options appraisal to determine BAT’ or an 
‘environmental assessment of the installation as a whole’. The options to be 
considered are also described.
Module 2: Determination of Emissions Inventorv
All release points and sources of emissions to air, water and land are identified and 
described. Long term (annual averages) and short term (hourly spikes) emission 
concentrations and mass flow data are determined for all relevant substances.
Module 3: Quantification of Impacts
Relevant impact categories are selected from the list of ten provided that covers all 
media.
Impacts from air emissions are rather described using a risk indicator called the 
‘Environmental Quotient’ (EQ), which is a ratio of the ‘Process Contribution’ (PC) 
to a reference benchmark called the ‘Environmental Assessment Level’ (EAL).
PCs represent the anticipated ground level concentration of each pollutant, measured 
in pg/m^, based on the height of emission points, the volumetric flow of flue gases 
and the concentration of the pollutant at the release point.
EALs are statutory limits on pollutant concentrations in air; they vary depending on 
whether the receptor is ‘human health’ or ‘ecological’. According to Annex F of the 
Horizontal Guidance document (EA 2010): “The EAL is the concentration o f a 
substance, which in a particular environmental medium the Regulators regard as a 
comparator value to enable a comparison to be made between the environmental 
effects of different substances in that medium and between environmental effects in 
different media and to enable the summation of those effects. ”
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The calculated EQs for individual pollutants are summed to give an overall EQ for 
each technology option. A high overall EQ indicates poor environmental 
performance. The EA acknowledges that there are drawbacks of using the EQ to 
assess the effects of releases to the environment due to the underlying assumptions 
that:
• “Effects are linearly proportional to the concentration o f a substance in the 
environmental medium into which it is released;
• Standards correspond to identical levels of effect for all substances and all 
media
• There are no synergistic or antagonistic effects between substances. ”
Background substance concentrations, published by DEFRA (2010), are taken into 
account in a separate metric to quantify how much the combined PCs and local 
background levels contribute to the EAL. This total concentration is called the 
‘Predicted Environmental Contribution’ (PEC) and the EQ is then measured as a 
ratio of the PEC to EAL.
‘Global Warming Potential’ (GWP), based on ‘CO2 factors’ for various sources of 
energy, and ‘Photochemical Ozone Creation Potential’ (POCP), based on 
characterisation factors for relevant substances, are both incorporated in the HI ERA 
software.
Module 4: Comparison of the Impacts of the Options
Using impact data derived in Module 3, the operator is asked to rank the options in 
preference order based on their environmental benefit. If the ranking of options is not 
clear because there is conflict between impact categories, then a template is provided 
to indicate the relative importance of each impact category based on the operators’ 
own judgement. Following this ranking of impact categories, another attempt is then 
made to rank options and this process is repeated until a clear ranking of options 
emerges.
If the operator has already decided to proceed with the most highly ranked option in 
terms of environmental benefit, then this represents BAT and it is not necessary to
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carry out any further assessment. Otherwise, the operator continues with Modules 5 
and 6 to include costs in the identification of BAT.
Module 5: Evaluation of the Costs
The operator is required to estimate the capital and operating costs for each option. 
Module 6: Selection of BAT
The operator must now consider the environmental ranking of options and their 
relative economic cost to determine BAT. Some guidance is provided to support this 
decision, in particular the guidance states (EA 2010):
“The principal consideration in determining whether an option represents BAT is 
that the costs of its implementation should not be disproportionate to the 
environmental benefit it realises. Thus it may not be reasonable to implement an 
option of significantly higher cost which achieves only a marginal environmental 
improvement compared with another option. ”
It is stated that an “objective judgment” needs to be taken to assess BAT, and that 
there are several ways that this judgment may be exercised depending on the 
complexity of the situation. If there is just one target pollutant, for example, then 
calculating the cost per tonne abated is an acceptable method of determining BAT. 
However, when there are several impact categories to consider then the operator 
“may need to apply further expert judgment to identify the more important 
environmental risks and value of their control” (EA 2010).
The key results of this method are given in Section 3.3.2.2.
33.2.2 Results
The EA guidance suggests that “EQs are useful for comparing the relative performance of 
control options at a particular location and are sufficient for the majority of applications. ” 
EQs will therefore be used as the main basis for decision making between technology 
options.
The EA guidance to performing the HI ERA suggests that long term impacts should be used 
to assess the “relative environmental impact between options” and that short term impacts 
are “determinedprimarily to assess whether options are acceptable” (EA 2010). There were
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no reliable data available for short term releases from the boilers following a modification, 
so the investigation was limited to long term effects. There would certainly be short term 
‘spikes’ as some boilers are used intermittently and pollutant concentrations are higher when 
burners are initially fired up. Given that this investigation is intended to compare methods to 
determine BAT, the omission of short term impacts is not anticipated to weaken the 
conclusions provided it is acknowledged that this methodology differentiates between short 
and long-term impacts.
For this investigation the receptor was defined as ‘human health’ because the local 
population is less than 5km from an industrial source regulated under Part A1 of the 
Environmental Permitting Regulations (EA 2010).
EQ is shown in Figure 3.1 for long term impacts. Particulates were not relevant on this 
timeframe due to their having a negligible effect on EQ.
0. 35
a  0. 25
0.20
0. 15
£ 0.10
0. 05
□  Su lphur Dioxide (hum an h ea lth  
re c e p to r)
^  N itrogen Dioxide (hum an h ea lth  
re c e p to r)
1 2  3 4
O ptions
(1 = No change; 2 = Low-NOx burners in refurbished boilers; 3 = RFO replaced with natural gas; 4  = Particulate 
abatement using ESP)
Figure 3.1 -  EQ as calculated by the HI ERA software for long term Impacts associated with each option
Based on EQ alone, the results show that, in terms of a site specific impact assessment, 
replacing RFO for natural gas is the ‘best technique’. No cost information was required to 
support the selection of BAT because the introduction of natural gas is already planned to go 
ahead at Pembroke Refinery (see explanation of Module 4). Therefore, the output from the
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HI ERA agrees with Pembroke Refinery’s own assessment that introducing natural gas to 
replace RFO represents BAT.
Charts of ‘PEC as a percentage of EAL’ and POCP have not been added because they match 
the information given in the EQ charts. Although not required by the ICs and not included in 
the previous assessment of options (Section 3.3.1), a chart showing GWP has been added 
(Figure 3.2) because this is the only impact category for which the HI ERA software takes 
into ?iCco\mi ‘indirect emissions’, in this case the emissions associated with electricity 
generation. The figure shows that the increase in electricity use for the ESP (Option 4) 
makes such a small difference in terms of GWP that it is not even noticeable on an absolute 
scale. However, there is a reduced GWP associated with natural gas which is attributable to 
the smaller proportion of carbon in the fuel compared to RFO.
5  200
O p t io n s
(1 = No change; 2 = Low-NOx burners in refurbished boilers; 3 = RFO replaced with natural gas; 4 = Particulate 
abatement using ESP)
Figure 3.2 -  GWP, calculated using the H1 ERA software
3.3.3 Method Based on ‘Sustainable Development*
The previous two methods for comparing options were both site specific because they 
focused almost entirely upon the direct emissions produced by Pembroke Refinery; the only 
exception to this was the increased demand for imported electricity used for particulate 
abatement by the ESP, which was captured by the HI ERA. This section describes a 
streamlined life cycle approach that has now been applied to see how the options compare 
when the system boundary is extended to include all of the indirect or background 
environmental impacts.
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3.3.3.1 Methodology
The method applied is described more extensively by Weston et al. (2010); see Appendix E 
to the main portfolio thesis. An overview of the procedure is as follows:
Step 1: Construction of Svstem Diagram (Section 3.3.3.21
A system diagram is produced of the existing process showing the ‘foreground’ (i.e. “the 
set of processes whose selection or mode of operation is affected directly by decisions 
based on the study”); and the ‘background’ (i.e. “all other processes which interact with 
the foreground, usually by supplying or receiving material or energy. ”) (Clift et al. 
2000).
Step 2: Completion of Inventorv Analvsis, Impact Assessment and Identification of 
Hotspots (Section 3.3.3.3)
Quantities of material exchanges with the environment, in this case specifically the 
pollutants relevant to this case study, are calculated. Pollutants are grouped into ‘impact 
categories’ and their impact potentials calculated and ‘hot-spots’ are identified (i.e. “the 
subsystems that contribute most to the total burdens and impacts”, Azapagic and Clift 
1999).
Step 3: Production of Basic Flow Sheets of Technologv Options (Section 3.3.3.4)
Basic flow sheets of the identified options are developed showing the main changes from 
the existing system.
Step 4: Estimation of Potential Reduction of Impacts (Section 0)
Order of magnitude indicators (suggested scale provided with methodology) are used to 
show the extent of existing life cycle impact targets by each option and estimates made 
of the extent to which new impacts might be introduced by each option. The net benefit 
on a life cycle basis is then determined.
Step 5: Derivation of Results and Recommendations (Section 3.3.3.6)
Based on the output of the previous step, recommendations are made about the 
environmentally preferred option on a life cycle basis.
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33.3.2 Step 1: Construction of System Diagram
Figure 3.3 shows a system diagram for the boilers in their present configuration.
E N V IR O N M E N T Effluent Air Water Em issions
BACKGROUND
W aste W ater 
treatm ent
Upstream Crudeimport
Water
treatm ent
Refinery
Otfier
combustion
process
FOREGROUND
Refinery 
Fuel G as
Refinery 
Fuel Oil
Steam
Figure 3.3 -  An extended system diagram for Pembroke Refinery’s boilers In their present configuration
The boilers are the only process units whose selection or mode of operation is affected 
directly by the decisions of the study; therefore they make up the foreground. If, for 
example, upstream treatment of the RFO were ineluded as an option then the foreground 
would be extended to include those systems.
All material and energy flows to the foreground processes are either manufactured by 
processes in the background or extracted directly from the environment (e.g. air); the 
background processes are traeed back to the point where the main constituent raw materials 
are extracted from the environment (e.g. erude oil is extracted from the environment and 
eonverted to RFO by the Refinery). The ‘other combustion process’ is an external consumer 
of fuel oil and its relevanee to this investigation is explained in Section 3.3.3.4.
3.3.3.3 Step 2: Completion of Inventory Analysis, Impact Assessment and Identification of 
Hotspots
The normal proeedure at this point would be to quantify all exchanges with the environment 
in the form of an extended mass balanee, i.e. determination of all the inputs and outputs of 
the life cycle stages converted into mass flows and potential effects to identify the exchanges 
that are most significant in terms of their impact potential (ealled the ‘hotspots’). However, 
sinee the present ease study focuses on emissions to air, as required by the ICs, it was
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unnecessary to  produce a com plete m ass balance considering all the refin ing  stages because 
only em issions from  the boilers w ould be affected by the options considered.
D ireet em issions from  the boilers have already been provided in  Table 3.1 (Section 3.1); 
these po llu tant m ass flow s are converted into im paet potentials using ‘characterisation  
fa c to r s ’ taken from  G oedkoop et al. (2009) and reported  in  Table 3.4. T hese characterisation 
factors w ere used because they are part o f the m ost recently  published and com prehensive 
L C IA  m ethodology developed by  an internationally  recognised group o f  experts.
Table 3.4 -  An Impact assessment of current boiler emissions used to provide a baseline for comparison 
of options
Pollutant
AP, 20 years (t-SOg 
equivalent per year)
POCP (t-NMVOC 
equivalent per year)
PMFP (t-PMI 
peri
0 equivalent 
fear)
CF ImpactPotential CF
Impact
Potential
CF
Impact
Potential
Particulates - - - - 1.00 55
NOx 0.49 520 1.00 1100 0.21 230
SO2 1.00 2300 - - 0.19 430
TOTAL 2800 1100 720
(CP = Characterisation Factor; AP = Acidification Potential; POCP = Photochemical Ozone Creation Potential; 
PMFP = Particulate Matter Formation Potential; NMVOC = Non-Methane Volatile Organic Compound)
3.33.4 Step 3: Production of Basic Flow Sheets of Technology Options
A t this stage o f the investigation, basic flow  diagram s o f the options have been  draw n to 
indieate the changes to em issions from  the existing configuration, and are show n in  F igures
3.4 to 3.6. T hick arrows have been used to indicate w here the ehanges to the existing 
configuration occur. E m issions associated w ith the fabrication o f equipm ent w ere excluded 
from  the investigation because they w ere not judged  to be significant com pared to the 15-1- 
year lifetim e process em issions.
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Figure 3.4 -  An extended system diagram showing the effects of Installing new low-NOx burners on 
replacement boilers
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 -►
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Figure 3.5 -  An extended system diagram showing the effects of replacing RFO with natural gas on the 
existing boilers
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Figure 3.6 -  An extended system diagram showing the effects of instaliing ESPs for particulate 
abatement on the existing boilers
An im portant point to note in Figure 3.5, w hich represents the replacem ent o f RFO  w ith 
natural gas, is the introduction o f ‘o ther com bustion p ro c e ss ’ resulting from  the export o f 
RFO. The first assum ption that has been m ade is that any RFO  displaced by natural gas 
form s part o f Pem broke R efinery’s product slate (as opposed to being used on site) and is 
thus subsequently com busted by external consum ers. It is also assum ed that this exported 
fuel increases the m arket supply w ith the short term  effect o f low ering prices and the long 
term  effect o f increasing dem and, thereby increasing em issions from  the ‘o ther com bustion  
p ro ce ss ’. These assum ptions are particularly  im portant to the outcom e o f the study, and they 
will be discussed further in Section 4.2.
3.3.3.5 Step 4: Estimation of Potential Reduction of Impacts
W ith the basic flow sheets o f each option show ing both the changes in em issions and 
resource extractions to/from  the environm ent respectively, the m agnitudes o f the reduced 
im pacts were then assessed in order to rank the options. A  stream lined life cycle approach 
previously developed through the EngD project (see A ppendix E, W eston et al. 2010) was 
applied to perform  this assessm ent and the results are provided in Table 3.5.
The basis for the m ethod is to first assess the proportion o f existing system  im pacts that an 
option addresses, and to express this as a percentage called ‘po ten tia l reduc tion ’. N ext, the
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extent o f new  im pacts introduced by the option, the ‘estim ated new im p a cts’, are estim ated 
based on the w hat is know n o f the new  flow sheets presented in Section 3.3.3.4. Due to the 
level o f uncertainty in the estim ated new  im pacts, ‘order o f  m agn itude’ scores are used to 
com pare the ‘poten tia l reduc tion ’ and the ‘estim ated new  im p a cts’ because percentages give 
a m isleading sense o f accuracy in the data. Percentages are converted to scores as follows:
• O ver 50%  o f existing system  im pacts: 3
•  10 -  50%  o f existing system  im pacts: 2
• Less than 10% o f existing system  im pacts: 1
The score from  the ‘estim ated new  im pacts ’ is then subtracted from  the ‘po ten tia l reduction ’ 
to give an overall indication o f the im provem ent offered by each option for each im pact 
category.
An exam ple o f the application o f this approach for the estim ated change in A P if  R FO  is 
replaced w ith natural gas follow s; this option had the added com plexity  o f the ‘other 
com bustion p ro ce ss ’ and the approach to dealing w ith this com plexity is described in the 
exam ple.
E xam ple o f A pproach U sed to Assess the M agnitude o f R educed Im pacts for each O ption 
Eigure 3.7 provides an illustration o f the m ethod to assist the explanation that follows.
Potential AP 
Reduction
Estimated 
new impacts
100%T 
^ 90%"
I  80% -
i  70%-
J  60%-
t  50% - 
40% -
.9 30%- 
-L
I  20%- 
10% -  
0%  -
Score = 3 Score = 3+
Figure 3.7 -  The estimated change in AP if RFO is replaced with natural gas
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Potential A P  Reduction: It is estimated that replacing RFO with natural gas addresses 90% 
of the system-wide AP of the existing configuration, corresponding to a score of 3. This 
reduction is entirely attributable to the NOx and SO2 emissions from buming RFO in the 
boilers, all of which are addressed by this option. The 10% remaining unabated is 
attributable to the amount of RFG burnt, which will remain unchanged.
E stim ated N ew  Im pacts: Following a replacement of RFO with natural gas and assuming 
that all RFO is now exported, AP will be introduced by:
(i) the buming of natural gas at the Refinery;
(ii) the extraction and transport of natural gas; and
(iii) the buming of RFO in the ‘other combustion process’.
Eaeh of these new sources are considered in tum:
(i) Buming of natural gas at the Refinery: Due to the insignificant levels of sulphur in 
natural gas, the AP from buming the fuel will be reduced to approximately 5% of AP 
from the existing configuration, nearly all of which is attributable to NOx emissions 
(see Table 3.2).
(ii) Extraction and transport of natural gas: The source of natural gas would be a 
Liquefied Natural Gas (LNG) terminal at Milford Haven, located near to the 
Refinery, which receives its supply by gas tankers from as far afield as Indonesia and 
Nigeria. To estimate the emissions introduced from the extraction, liquefaction and 
transport of natural gas via this route, a study conducted by the Paul Scherrer Institut 
on behalf of Alstom Power Services has been used (Bauer 2008). In this study, 
emissions data is provided for the production of LNG in Nigeria and its transport 
over a distance of 7000 km. By converting the data from kg pollutant per kWh 
electricity produced to kg pollutant per kWh LNG consumed it was possible to 
estimate emissions for this case study. The results indicate that around 200 t/year of 
NOx and 50 t/year of SO2 would be produced. These quantities convert to an AP of 
150 t/year SO2 equivalent, or 5% of current system impacts but with considerable 
uncertainty in the estimate.
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Combined with estimated impacts of buming the natural gas, the new system would 
thus score a 2 (10 -  50% of current system impacts) before the fate of the RFO is 
considered.
(iii) Buming RFO in ‘o ther com bustion pro cess’: Due to the assumption that 
increased RFO exports will eventually lead to increased RFO consumption (see 
Section 3.3.3.4), then the extent of AP introduced by buming RFO in ‘o ther  
com bustion p ro ce ss ’ as a proportion of existing AP from RFO buming depends on 
how cleanly the RFO is bumed in ‘o ther com bustion p ro ce ss ’. There is a potential for 
the AP to fall if the increased RFO demand is consumed by combustion processes 
with low-NOx or sulphur scmbbing technologies, and there is potential for AP to rise 
if the RFO is used, for example, to fuel ships. Therefore, the estimated new impacts 
from buming RFO in ‘o ther com bustion p ro c e ss ’ are estimated to range from 40% (a 
score of 2) to 90%+ (a score of 3) depending on the combustion technology used.
Overall, due to the uncertainty in AP from the ‘o ther com bustion process ’ the net benefit in 
life cycle AP { ‘estim ated new  em issions’ less ‘po ten tia l reduction’) ranges from less than 0, 
if introduced impacts exceed those of the existing system, to 1, if the RFO is bumed more 
cleanly in the ‘o ther com bustion p ro ce ss ’.
3.3.3.6 Step 5: Derivation of Results and Recommendations
All of the results from applying the methodology described in Section 3.3 are presented in 
Table 3.5.
Based on these results, when a life cycle approach is used to compare the environmental 
impacts of each option, the installation of low-NOx bumers in a new boiler configuration 
appears to be the most favourable option. The replacement of RFO with natural gas has the 
potential to offer environmental benefits, but that is entirely dependent upon whether RFO 
demand will increase and whether the increased RFO demand will be bumt by combustion 
technology than is more or less clean that the Refinery boilers.
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Table 3.5 -  Estimated changes in life cycle impacts for each option based on the streamlined LCA 
approach developed by Weston et al. (201 G)
Technology
Option
Hotspot
Affected
Potential
reduction
Sources of new 
Impacts
Estimated
new
emissions
Net benefit 
In life cycle 
Impacts
AP, 20 year time frame
Low-NOx Burners Boiler emissions 2 None 0 2
Natural gas Boiler emissions 3 Background combustion of RFO 2 — 3+ < 0 - 1
Particulate
Abatement
Boiler emissions 0 Electricity for ESP (negligible) 0 0
POCP
Low-NOx Burners Boiler emissions 3 None 0 3
Natural gas Boiler emissions 3 Background combustion of RFO 2 - 3 + < 0 - 1
Particulate
Abatement
Boiler emissions 0 Electricity for ESP (negligible) 0 0
PMFP
Low-NOx Burners Boiler emissions 1 Fabrication of new boilers 1 0
Natural gas Boiler emissions 3 Background combustion of RFO 2 - 3 + < 0 - 1
Particulate
Abatement
Boiler emissions 1 Electricity for ESP (negligible) 0 1
(CF = Characterisation Factor; AP = Acidification Potential; POCP = Photochemical Ozone Creation Potential; 
PMFP = Particulate Matter Formation Potential)
3.4 F indings from  A ssessm ent o f  BA T
Applying the three different methods to comparing technology options for reducing pollution 
from the Refinery’s boilers has shown that when the system boundary is restricted to the 
direct emissions from the refinery then replacing RFO with natural gas is BAT. However, 
when the system boundary is expanded to include life cycle impacts then the benefit of 
replacing RFO with natural gas is shown to be dependent upon how cleanly the RFO is then 
bumt by an extemal consumer. On a life cycle basis, upgrading the boiler to aecommodate 
low-NOx bumers appears to offer the best environmental solution.
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4 Discussion
The discussion is divided into three parts:
1. The benefits and drawbacks of each approach (Section 4.1);
2. The practicality and implications of LCA for industry and legislators (Section 4.2);
3. The inconsistency between the regulator’s recommended approach and the approach 
actually used to comply with the permit (Section 4.3).
4.1 B enefits and D raw backs o f A pproaches to D eterm ine BA T
The investigation revealed benefits and drawbacks of each approach to determining BAT.
The approach used by Pembroke Refinery based on regulatory compliance (Section 3.3.1) 
offers a quick ranking of options (£/t emissions abated) with minimal data requirements. It 
suits industry because it requires minimal resources and expertise. However, this approach 
lacks any appreciation of the potential impacts of emissions and does not differentiate 
between pollutants meaning that it will favour options that target pollutants with larger mass 
flows, which may not always be the most favourable environmental option.
The regulator’s recommended approach, based on a predicted environmental contribution 
(Section 3.3.2), is a more thorough site-based assessment, which does provide some rationale 
for differentiating between pollutants based on target air concentrations. The HI ERA has a 
broader scope in that it can group pollutants into impact categories and allows some 
consideration of ‘indirect’ emissions, while recognising that it does not include life cycle 
approaches. Besides the lack of life cycle thinking, another drawback of this approach is that 
the derivation of EALs is not clearly defined in the guidance, nor is it readily available on 
the EA website. Given the importance of EALs to the outcomes of the method, this 
information needs to be made available.
The approach based on a framework for sustainable development, involving the application 
of LCA (Section 3.3.3), brought a greater range of considerations into the assessment but 
with that came uncertainty and a more difficult decision about what was actually BAT. 
Crucially, this approach revealed that the preferred outcome based on the HI ERA method, 
replacing RFO with natural gas, was not necessarily the best option on an environmental 
basis when system boundaries are extended.
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4.2 T he Im plications o f U sing L C A  for D eterm ining BA T
First, it should be noted that the life cycle approach used for determining BAT in Section
3.3.3 represents a scoping exercise, designed to provide a broad indication of the preferable 
options rather than a detailed assessment of BAT. That said, the approach was more complex 
than the other two approaches because it required consideration to be given to the knock-on 
effects of each option, or ‘consequential thinking’, which brings uncertainty and makes it 
difficult to give definitive recommendations.
The lack of a definitive recommendation is an important issue when promoting life cycle 
approaches in industry where there is a preference for clear cut answers. However, the 
uncertainty in the output from this assessment is inherent in the decision itself rather than in 
the approach used to define BAT. Life cycle approaches serve to reveal areas of uncertainty 
and enable decision makers to identify where more information is needed. In the present case 
study, more information is needed on the likely use of RFO following the switch to natural 
gas and the consequences of this; it is not likely that such considerations would have been 
captured without life cycle approaches, yet they are of crucial importance to determine 
whether using natural gas will actually reduce environmental impacts.
Besides uncertainty, another concern with the approach is likely to be the use of third party 
data to estimate emissions associated with importing LNG. There are two points regarding 
this issue: firstly, the third party data were only used to give some initial idea of the relative 
magnitude of these emissions and because this was a relatively minor impact it was 
unnecessary to seek further data; secondly, all of the approaches made use of third party data 
in the form of the Refinery BREF (EC 2003) which is designed to provide industry with 
performance data for technology options. An opportunity is thus presented for legislators to 
provide similar data on a life cycle basis, which could also serve to standardise datasets 
across industries.
4.3 D ifference betw een R egulatory C om pliance and R egulators R ecom m endation
The differences between the approach used by Pembroke Refinery to comply with the ICs 
and the approach recommended by the EA are significant because they point to an 
inconsistency between the standards intended and those enforced by regulators. The main 
differences were: (i) no impact assessment was carried out at the Refinery to indicate the
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importance of each pollutant; and (ii) there was no consideration of air pollution targets or 
background conditions to help prioritise the impact reductions.
The reasons that these lower standards in approach were accepted by the EA are not known. 
The regulator’s preference for prioritising the use of cleaner fuels, as stated in the BREF, 
coupled with the fact that Pembroke Refinery had already sanctioned this option, was 
perhaps sufficient for the regulators to be satisfied with the outcome.
The introduction of the NERP may provide some means of making trade-offs between 
pollutants that is more easily applied in industry and takes into account air pollution targets. 
However, there is also a risk that the NERP will stifle life cycle approaches as operators seek 
to reduce their site impacts using cleaner fuels, while exporting the more polluting fuels to 
other parts of the world where emissions charges do not apply.
The inability or reluctance of regulators to enforce higher standards in BAT assessments 
suggests that it could be very challenging to introduce a new set of standards that incorporate 
life cycle approaches. This challenge is compounded by the difficulties associated with 
‘consequential thinking’, discussed in Section 4.2, but the importance of introducing life 
cycle approaches remains, because only by their application can environmentally preferable 
options be identified.
In the previous HI ERA guidance issued by the EA, there was no mention at all of life cycle 
assessments. The fact that in the latest issue LCA is now acknowledged, albeit to say that it 
is out of scope, shows that life cycle thinking and life cycle approaches are becoming more 
prominent in the minds of regulators. It is thus expected that it may only be a matter of time 
before life cycle thinking plays a greater role in environmental legislation; in the mean time, 
there is the risk that resources will continue to be spent implementing sub-optimal 
environmental solutions.
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5 Conclusions
The fundamental question posed in Section 1 was “D o decisions that incorporate life cycle 
thinking lead to d ifferent outcom es com pared to decisions that are driven by current 
environm ental leg isla tion?”
Based on the investigation presented in this report it can be concluded that decisions that 
incorporate life cycle thinking can lead to different outcomes and therefore it is 
recommended that regulators seek to identify ways, such as the scoping exercise used in this 
investigation, to promote the use of LCA for identifying BAT.
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